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PREFACE 


I 


This  puhliciition  contains  the  papers  presented  at  the  von  Karman  Institute.  Brussels 
and  at  Ames  Research  ('enter  (('At  in  March  1**75  fur  A(iARI)  Lecture  Series  No.74  titled 
‘‘Aircraft  Stallinii  and  Gufleting'*. 

I'his  Lecture  Series  was  recommended  by  the  l•lllid  Dynamics  Panel  and  the  von 
Karman  Institute  for  :Tuid  Dynamics,  and  has  been  implemented  by  the  Consultant  and 
Lxchange  Programme.  Aircraft  Stalling  and  Biifleting  are  related  phenomena  which  limit 
the  useable  lift  of  an  aircraft  and  hence  determine  its  minimum  flying  speeds,  its  maximum 
cruising  altitude  and  its  manoeuvrability.  Tlie  basic  physical  mechanisms  are  aerodynamic, 
involving  separations  of  the  airflow  over  the  wings,  hut  the  limitations  on  the  performance 
of  the  aircraf  t depend  on  its  aeroelastic  and  dynamic  response.  The  Lecture  Scries  aims  to 
give  an  account  of  recent  developments  in  the  understanding  of  the  fluid  dynamics  of 
stalling  and  buffeting,  of  the  dynamic  response  of  the  ai. craft  and  of  lechnigues  for  buffet 
prediction,  with  consideration  of  the  implicaC  ms  for  aircraft  design.  Tliis  publication 
should  be  of  interest  to  aircraft  aerodynam  .ists  and  research  workers  in  fluid  dynamic's 
and  flight  mechanics. 


Cyril  R.TAYLOR 
Lecture  Series  Director 


) 


fU 


UST  OF  SrCAKERS 


Mr  Cyril  K.Taylor 

llciid.  Miidi-Spfed  Acriidyniimics  Division 
Royal  Aircrali  I'slahlishmvnt 
(laphain 

Bedford  MK4I  hAI' 

CK 


Dr  ll.John 

Section  leader  in  Project  Aerodynamics 
Messerschmitt-Bolkow-Rlolitn  (Jmbll 
KOOO  Miinchen  Kl) 

Postfach  KOI  IM) 

< •erniany 

Mr  J.ti. Jones 

l*rincipal  Scientific  Officer 
l-'light  Dynamics  Division 
Royal  Aircraft  l-.stablislimenl 
Clapham 

Bedford  MK4I  f>AI- 
IK 

Mr  William  McIntosh 
Senior  (iroiip  Knirineer 
High  Lift  Research  Aerodynamics. 

BtHting  Commercial  Airplane  Company 
Seattle 

Washington  OK  1 24 
I'SA 

Mr  B.Monnerie 
Chef  de  Division  Adjoint 
Division  Ai‘rodynami(|iie  Appliqiice 
Office  National  d’Kilides  el  de  Recherches 
Adrospatiales 

29,  Avenue  de  la  Division  Leclerc 
92J20  Chalillon-smivBagneiix 
l-'rance 

Mr  D.K.Shais 
Principal  Aerodynamicisi 
Aerodynamics  Department 
British  Aircraft  Corporation  IM.A.D.) 

Warton  Aerodrome 
Preston  PRI  KUD 
Lancs 
UK 

Mr  A.M.O.Smilh 

Chief  Aerodynamics  engineer.  Research 
Douglas  Aircraft  Company.  Long  Beach 
385  S Lakewood  Boulevard  I 

California  90K4(> 

USA 


Iv 


CONTENTS 


Pair 

PREFACE 

b>  C.R.Tuyliir  iii 

LIST  OE  SPEAKERS  iv 

Rerrmuf 

INTRODUCTION  AND  OVERVIEW 

by  C.R.Taylor  I 

REMARKS  ON  FLUID  MECHANICS  OF  THE  STALL 

by  A.M.O.Smilh  2 

PREDICTION  AND  AN  ALYSIS  OF  THE  LOW  SPEED  STALL 
CHARACTERISTICS  OF  THE  BOEING  747 

by  W.McInlosb  3 

DECOLLEMENT  ET  EXCITATION  AERODYNAMIQUES 
AUX  VITESSES  TRANSSONIQUES 

par  B.Monnrric  4 

AIRCRAFT  DYNAMIC  RESPONSE  ASSOCIATED  WITH  FLUCTUATING 
FLOW  FIELDS 

by  J.GJoncs  5 

PRE-STALL  BEHAVIOUR  OF  ( 0MB AT  AIRCRAFT 

by  D.E.Shaw  6 

CRITICAL  REVIEW  OF  METHODS  TO  PREDICT  THE  BUFFET 
PENETRATION  CAPABILITY  OF  AIRCRAFT 

by  H.John  7 

BIBLIOGRAPHY  B-l 


l-t 


Auciurr  STAUUts  aks  BurptrinG 

DITIODOCTIPN  tm  ( VKWIli 

by 

C.  R.  Tayler 

Royal  Aircraft  latabltahaant 
Badlort,  CnyAand 


IDIKUr 


Btalllne  and  buffatlnr  art  rtlaUl  phannstna  thloh  Unit  tha  naxlnur.  uatabla  lift  of  an  airorsft 
and  htnet  Ita  alninun  aaft  flying  apatd,  Ita  eiMialng  altltuda  and  ita  aanotuvarnbi  1 1 ty • The  baalo 
phytleal  achanlaaa  art  fluid  achanlo.  Involving  atparatlora  i f thv  alrflua  over  the  tlnga,  but  tha 
llaltatlona  on  tha  parfomance  of  the  tlrenft  dapend  on  ite  aaroalaatle  and  dynarle  raiponaa. 


1.  FRZAmi 

Stalling  and  buffeting  nenn  llfferent  thUi'a  to  llfferent  people.  For  the  unfortunaU  paaaangar  In 
an  alroraft  ehloh  Inadvartantly  italls  or  panatraUa  tha  buffet  raglne  each  could  rapreaent  an  unforgatt- 
abla  and  tarrlfyitig  axparlanca.  eharaat,  a uthanaticlan,  who  haa  never  had  the  r.iafortune  to  axpeidanca 
the  real  thing,  night  regard  than  naraly  aa  convenient  eorda  to  aaaoeiate  alth  a particular  behaviour  of 
tha  aolutlon  of  hla  a^ationa.  It  hardly  naada  to  be  aali  that  tha  lacturara  for  thla  Seriaa  are  both 
laaa  anctlonal  and  nora  practical  than  the  tec  axtrana  cieea  I have  Just  njotad.  Ihe  aatarial  of  thalr 
laeturaa  daala  nlth  aoaa  of  tha  vaatly  cnanlex  anrinaarlng  and  phyaicul  aapeeta  of  the  aubjeet.  navai^tha* 
lata  tha  laeturaa  nlll  ahoa  that  the  paaaenxer  ia  never  forgotten  and  that  nathenatical  tneory  la  readily 
abaorbad. 

Baeauaa  tha  lacturara  art  apacialiata  and  they  will  deal  aitn  apecialicel  aapecta  of  thla  aubject,  v 
taak  In  praaantlnr  an  *lntroduetion  and  overview"  la  to  provide  a leal-up  to  ouch  of  the  to  ica  covered 
(introducing  aoaa  of  tha  baalc  idaaa  and  the  aaaantial  noeenclature).  I olll  alao  draw  y ur  attention  to 
aoaa  of  tha  aapaeta  of  the  aubjaot  ahrch  are  not  covered  by  the  apeciuliat  lecturaa.  To  do  thla  1 alll 
oeatinua  tha  thaaa  which  I introduced  at  the  beginning,  l.e.  "atallin'  and  buffeting  nean  different  thinga 
to  different  people*  talcing  aa  particular  caaat  the  pilot,  the  aircraft  deliver,  the  aircraft  aarolynamlciat, 
tha  alroraft  davalopaent  anglnaar.  i have  not  forgotten  raaatrch  aarodynaalciata  - I an  aura  that  they 
will  find  aueh  to  Intarait  than  In  tha  ipaclallit  laoturai. 

i,  na  vnipoisTs  of  ws  piu'T  and  of  thk  aircraft  DEsr-NSR 

For  a pilot,  atalllng  and  buffeting  are  worda  ehlch  lescrlbe  the  behaviour  of  hla  aircraft,  Ha 
racegnlaaa  tha  atall  aa  tha  point  at  which  hla  aircraft  berins  an  uncontrollable  noto-lown  pltuhlng  notion 
and  caaaaa  to  aaintuln  altitude,  or  noraal  acceleration,  because  the  I’roeti,  of  flov.  separation  on  the  nlnga 
prevanta  further  Inortaaea  In  lift  coefficient  with  reduction  of  speed.  '.tic  flo.  separations  nay  give  hit. 
naming  of  tha  approach  of  the  atall  by  exciting  vibratlona  of  the  aircraft  anl  its  atructura  or  by  changing 
tha  'foal*  of  tha  oontrola.  Tha  axpariancad  pilot  la  able  to  maha  a clear  distinction  between  atalling  and 
loan  of  nom^  aoealaratlon  due  to  lack  of  engine  thniat.  However,  for  sore  types  of  aircraft,  he  la  less 
ablt  to  dlffarontlata  betnaan  the  various  foras  of  aircraft  vibration  and  instabilitlea  which  nake  It 
difficult  for  hlB  to  increase  his  rata  of  turn  in  nanoauvref  at  high  apaada.  Buffeting,  which  wa  define  at 
*tha  aaroalaatlo  ratponao  of  tha  aircraft  structure  to  aerodynaalc  excitation  ariaing  froc  flow  separations” 
is  alBost  slwaya  wnoountwrad  whan  approaching  llnitlnr  lift  at  hifdi  apaada  and,  although  this  w-ay  not  ba 
tha  factor  which  raatrlcta  the  nanoauverabillty,  the  word  buffet  Is  often  used,  rather  loosely,  to 
describe  aj\y  unsteady  phanoaana  which  way  induce  tha  pilot  to  raatrdot  tha  nanoouvra.  It  la  in  thla 
broad  aenst  that  buffeting  is  couplsd  with  stalling  as  tha  aubjact  sattar  of  this  lecture  aerioa. 

For  an  aircraft  daiignar,  atalling  and  buffeting  are  phenomena  which  limit  tha  amount  of  lift  on  an 
aircraft  and,  for  any  aircraft  specification,  maximum  useable  lift  hae  an  influenca  on  tha  asrodynaaio 
design  which  la  rivallad  only  by  drag.  For  civil  aircraft,  alrworthlnais  regulations  (such  as  F/Jt  .nd  BCAR) 
place  vary  daflnlta  Halts  on  tha  extent  to  which  an  aircraft  any  approach  limiting-lift  conditions  under 
noranl  operation.  These  ruloi  (awe  Table  1}  govern  almpeeda  on  tha  approach  to  landing  and  on  take-off  and 
cllbb-out,  by  apteifying  speed  aargins,  relative  to  atalling  spead.  The  regulations  also  daflna  two  Isvala 
of  bufftt  and  lay  down  assoelatad  increments  of  noraal  acceleration,  relative  to  1-g  level  flight,  which 
must  be  available  with  en-roiite  configurations,  it  speeds  at  and  near  the  U(.jcr  end  of  the  flight  envelope. 


conditions 

3peed  xirHn 

Vanoeuvre  r.ar»Tin 

Limiting  factor 

Approach  to  landing 

0.5 

(V„  » 0.96  V.ig) 

U.-.Jg  at  VAT 

Stall 

Take  off 

(2nd  sagaent  oll-rb) 

Vmal 

0.55  1.2  V;-.a1 

•Stall 

0.8g  at  Vra 

Buffet 

0.6g  at  Vaio 

(aavimum  damonatrnted) 

CllBb  and  descent 
< 20,000  ft) 

I.Og 

Buffet 

(caxlmuit  demonatrnted) 

Table  1.  Soma  alrvorthlnass  roiuironents  for  Civil  Aircraft  related  to  stilling  and  buffeting. 


T«k«n  toother  nith  Um  pfrforannot  n){ulrownta  (•#;  Vfach  number,  nltUult  nnl  llft/dra^  r/itio  tt 
onilB«,  «ppn)«ch  apMl  for  finli  l*n,*th  An<l  noi««  ch/iri9t«rifitlcB  for  t-ik'»-nrr)  thonA  rr^^l  itWiriA 

provlii*  thrt  'rouniTuleu  within  which  Ih**  wlrcrnft  4esl'*nwp  op*,lrU«'D  t-,»  cIro  'mi  itl«  n of 

til"  win*;  i*n1  laflnca  the  B'urlnwm  use*ihle  lift  coofTlc.onl#  he  ru;  t lohlev**  for  both  low^ioel  in!  h*^- 
•peot  ril/*ht*  The  iaalfmer  U ilno  miuiret  u eniuro  t>>.*,  sn?.)  1 the  drc'*<ift  enter  i stiU,  It  nnuH 
be  posaibit,  ualn«i;  nom.ii  pllotliv  aklll,  to  mike  tt  prent  recover:/  mi  rtv»«iln  tontr«>l  <r  the  ttlrcruft, 

Coib^t  aircraft  are  dtaiiTiel  to  aofteeh  it  ilirfitrent  rul^a  but  in  B-iny  o^se.i  the  re  lu  renifnts  fop  l^n 
If]  ro.icl.  apeeta  »nt  abort  t’lkc-off  h*ivi*  ;t  powerl*ul  Ini'luence  r,n  *he  cholji*  of  ernf‘i«’iir.jti«’n  nnl  on  the 
lealrn  of  the  win,:  hlfsh  lift  at  low  afeeda*  If inoeuverahll I ty  »t  hlrh  rpoels  la  vStiUy  Important, 

iu  muen  fl'j,  that  tlie  pBrs.it  of  hifc*h<*r  uae.ible  lift  at  tubsoniu  Sfeis  ms  i»l  Ut*  lo.:l  ,7iors  of 

carront  operatloml  aircraft  to  eaploy  w wHe  ran>*e  o!*  lovlceo  whic.i  h»'!f  th'T  to  o.tli:.!.-*  tno  ..in.: 

fnrTC  for  h»»  sanoeuvre  t«riible  wing  oweop)  or  tt.  Inhibit  tno  nu-.r-r-ni'e  anl  ^^ro.vth  of  flow 

aep/«riti'>n  (••<*•  LB  Iroop,  manoeuvre  alata,  vortex  *enentrr;.}«  SovorJ  papers  at  t..o  l./P  A'liO 
Bpeclallata, meeting  on  the  Fluii  pynaale#  fS  Aircraft  Stalling^  gave  qu'Jltn^lve  evM^nco  of  the  giins  in 
utetble  lift  to  be  had  fn’*  the  uae  <>f  sone  r\f  these  iMvicea,  but  their  efficicy  must  be  evi  lent  to  iny 
Intelligent  obaerver  of  aircraft  itai^yi  trenia.  U^r9  iv*rently  ex{.**rl!cnt;il  fi ’-to.  tlrcrift  have  be.*n 
iesl,<7iod  with  isproved  power/vei^t  ratio,  hlgli^r  atnictur*>i  lo'il  f.i  :ti;  r.  mi  meins  of  incroifiln,*  pilot 
tolerance  to  ateady  normal  aoeeieratlon  • all  uf  i^ich  Icpi'ov*  the  pot.mtlil  r inocuver  itii  ty  ^in  i Increase 
the  er.ph'isis  for  more  uae.able  lift. 

3.  IfAnV.'V  I'S^APL^  LTF? 

In  what  I htve  said  ao  far,  ! have  repeitedly  stressed  the  importHnoe  of  aixioiun  useibl^  lift  an! 
its  connection  with  litalling  and  buffetln,:.  It  ia  ti&e  that  ! be*an  to  explain  that  connection  - in  dolnn 
80  I ahall  be  talking  the  language  of  the  ilrcrift  aer*odyni£lcist  »n!  t'lc  aircraft  dev-  lopaent  enrincer  anl 
I shill  be  coming  quite  close  to  the  aubject  Bitter  o;  some  of  the  xiln  lectures.  For  the  tine  boln;:,  I 
shill  c nalder  a f.irticulir  class  of  alrcnft  which  (following  Kflshem.ann*  I call  "classical  awept-wingel 
aircraft".  As  you  can  ae*  from  the  akelchos  in  Fir,  1 thia  covers  most  of  the  "ircral’t  flyln/  toiiy. 
However  I ahall  later  go  on  to  tilk,  v^ry  briefly,  ab^'ut  t/.o  other  cl  ioses  of  alrcrift. 


A basic  difference  between  the  low-er'eed  characteristics  of  alr'crift  win;'s  n^ar  limltin  — 1 if t 
conditions  and  those  at  hlr^i  s;eel  is  shoivn  by  the  plots  In  Fig,  ?.  ^hosa  are  curv.'a  of  lift  coefficient 
varsuii  incilonco  over  .i  run.?"  of  ?*ach  numbers  anl  they  tie  f .;rly  typical  of  wind-tu.nnel  nio  isurencnts  for 
•fflnga  of  moderate  aspect  ratio  and  low  sweep.  They  iniicato  quite  clearly  th  it  for  low  Vach  number.^  the 
lirt-coefl'ioient  has  a leflnite  muxlnum  value  which  must  present  an  upper  limit  t tne  amount  of  useable 
lift  avail  ible.  By  contrast,  at  high  froe-streax  fach  numbers  no  such  overall  limit  is  apparent  (for  the 
range  of  incidence  coverod  by  the  tests),  Howevrr  U.e  kinks  and  wl  ylcs  in  the  Cl  vs  a curves  show  that 
rather  drap.atic  changes  are  occurring  in  the  pafems  of  flow  ov'r  th*?  ?Ung  and  re  siiould  anticipate  that 
not  all  the  lift  u-easured  on  the  Kodel  will  be  us'^abla  In  flight*  Sinll-»r  ploiii  J'rr-  a win.]  ..hid.  h.is 
nearly  the  optimux  sweep  for  manoeuvres  at  liigh  subsonic  speeds  (Fig.  5)  show  t'vt  there  is  no 

clearly  defined  upper  limit  for  lift  coefficient  ar.J  that  the  inaxinuc  useable  lift  will  be  dct"  Tined 
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FIG.  3 VARIATIONS  OF  LIFT  COEFFICIENT  WITH  INCIDENCE  AND  MACH  NUMBER 

(♦  • «•) 


Even  it  lox  npnela,  not  all  the  IK't  avelleble  Biy  be  ueeeble.  One  effect  of  wing  taper  and 
aeeejbi^r.  It  t Increase  the  lift  crofficienta  near  the  elnR  tlpa,  relative  to  values  near  the  body,  when 
t ie  r in.t  la  at  hlfh  Incllnnce  (fi/'.  U),  Of  course  this  can  bo  offeet  by  spannise  variations  of  oaaber 
anl  twist  but  for  r.any  wins  pl'infoms  these  variations  (Fis<  3)  would  create  savera  aanuf seturins  probleas 
mi  the  resultinr:  nhapo  wool  1 be  far  from  ideal  at  other  incidences  and  Vach  nuabera.  The  compromise 
atnich  by  the  .aircraft  aerolymmlcist  invariably  results  in  a wins  on  which  (unless  prevented)  separations 
ehich  leal  to  tno  stall  orisinate  on  the  outer  wins  ~ where  the  lift  coefficient  Is  hishest  and  the 
effects  of  sianjilsn  flow  tend  to  thlcken-up  the  bound  try  l^er.  'niese  separations  will  cause  a forward 
.r.rivemont  of  the  wins  centre  of  pressure, which  results  in  a tendency  for  the  aircraft  to  pitoh-up  and  hence 
move  farther  into  the  stall.  They  lu.y  also  sive  rise  to  unwelcome  rollins  motions  and  loss  of  lateral 
control.  For  these  reasons  it  is  usually  necessary  for  the  desiivier  to  use  some  means  of  triggering  off 
t.ao  stall  In  a ray  which  fives  a rearward  movement  of  the  centre  of  pressure.  The  stall-trigger  usually 
.•enerates  a sep.ar.atinn  on  the  inner  win'*  and,  if  carefully  desipied,  the  aircraft  will  be  able  to  oomplata 
the  stallln.'  manoeuvre  without  the  separation  sprs.adinr  to  outer  parts  of  the  wings.  The  silerona  will 
thus  retain  much  of  tneir  effoctiveness  and  roll  control  will  not  be  lost.  Various  forms  of  stall 
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trlr:*r  huvt  bteii  ui*l  but  for  ilroraft  aith  ra«r  melMB,  ovsrwing  fanoai  or  uMtr-ainf!  "vortilont"  or* 
the  mat  coinon  (>«>’  Rrl'it  2 'Uil  i). 


ARi7-0  MiO 


0-*  H* 


FIG.  4 VMtIATION  OF  SPAN  LOADING  WITH  SWEEPSACK  t TAPER 


n.-.Tio  7 04 
icKo.;o  sv/GCP  3S* 

SECTION  nAC  100 

IO*/o  Ut  (strsamv/i$e) 


i-IO.  5 WING  DESIGr:"0  FOR  UNirO^M  P!?;-.5SUnE  DI3V17IDUTION  AT  €^"0-8 


?ir,  ahowa  th«  n!Tect  f>r  u fnnco  'n  '-io  pro-TCBoion  of  J'ln.-  iritlon  on  j mo.1el  of  tha 
Fokkar  F.2f^.  The  atill  pro  TBaaion  for  n mare  hl'jily  aarrt  «lnc,  onployln;  both  atnll  atrlpa  an!  a 
wlnf  fanoa'',  ia  ahorni  in  Flf. 

The  pylona  of  unleminr  on'^inoa  c-in  triip^rr  the  of  the  clem  win^  but  it  I."  usually  nece.aa-iry 

to  "ierrale"  t.he  hifh-l’.ft  '.avioe  on  tna  inner  nlnr,  In  one  of  -i  number  of  noyc,  to  ret  th’  lealred 
pltohln-  oonant  chiroat'.Tlstlco  for  the  take-off  anl  Inniin:  conflfureti  na. 

or  course,  tiio  need  to  provide  uocepfible  hinlllne  ml  control  it  the  atiU  re.aults  In  the 
r !Xicu:a  use-ib’.o  lift  holn.-  soc;o»hit  leas  thin  the  nixiuum  lil  t available  from  a »ln"  without  stall 
tri.vers,  £o:  n ilea  of  the  penalties  Involvoi  niiy  be  deduced  I'roni  Fif,  6, 

The  problana  In  obtainlnr  on  adaiju  te  nose-donn  pitching  aoaient  at  tha  stall  are  conpounded  for 
larpo  aircraft  by  tha  hl(^  angular  aoBentuB  in  pitch  which  theas  aircraft  acquire  during  the  decelerating 
approach  to  the  stall  and,  for  aircraft  with  T>talls,  by  the  need  to  avoid  the  "deep>stall"3,£. 


NO  FCNCS 


FIG  6 THE  EFFECT  OF  A FENCE  ON  THE  PROGRESSION  OF  SEPARATION  ON  F28 


FIG  7 THE  PROGRESSION  OF  FLOW  SEPARATION 
ON  A MOOEL  OF  THE  TRIDENT  1C 


ir.r;  nt  t.c  ; r‘ LTon  c n \ - fr  . ri  ox-rclif  >V  oqu.tIr,{-  tho 

r -ront lyh  lak^  6)  t.u  t:. . r^- ♦ I-;'-.'  prolj.  \ V/  a ruilon  oh>r.f  in  pitchlnt;  f.oTent  (-ACr.J, 

?l'*,  ? 5hc;.H  the  problTrr,  \i:’.  u brir.r  the  pitch  nti  'o  sere,  fror.  It::  initi-il  v»lue  for  level 

(4-  )i  tir'cri:’*  i-e'c.v-’:;  « spcclfiel  inuilr-r.c'' a b.  Tli''  Rulden  chant-.e  In  pitching 

r/rent  his  tc  be  applied,  to  the  trir*  <?d  'lircrirt,  t iicldnnco  • ag  .ta.  Aer.umln^  that  the  aircraft 
ccr.*inu9fl  in  level  fl  1 ‘ht  6 =a'  aril  that /.o  Is  c:iill,  'h'-  ir.’j.uls"'  l;i 
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•hir*^  li  tht  iltotUratlon  it  ^ • ao<  AlnrorthltMd  rtfulntinr.s  raquir*  timt  tha  lull  ihtll  b« 

draonitratal  *t  a daoalaration  nf  1 kn  lae*’.  Tira  oano'ualoni  can  ba  dram  loaadiataly  - tha  chani;a  of 
trta  (•&€•)  naadad  to  brlnit  tha  pitch  rata  to  aaro  Inaraaaai  dr.ioatloully  alth  lift  ooafflolant  and, 
alnaa  nlnp  loading  (VS)  doaa  not  vaiy  vary  Buoh  alth  alreraft  elia,  largar  airoraft  naad  lurgar  ohanijaa 
in  trla,  Althou«*h  thli  atspla  analyala  c-innot  ba  'ifpltad  to  rha  Incldance  r'lnro  oovarad  in  tha  ataliinc 
■anoauvre  the  tan  cnnoluainna  ijuntad  ai'e  ballavad  to  ran.ili:  valid. 
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ria  I cmcn  or  stau.  nut  on  maximum  litt 


nc  « MauuK  NCioco  to  oounua  anojlaii  McaACNiun  m oitch 


Tha  daap-aUll,  or  luparaUll,  problaa  fop  alreraft  alth  high»aat  tallplanaa  la  dua  to  the  lota  of 
atablllty  and  xallplana  effactlvanaaa  at  high  Incldanea,  raaultlng  froai  tha  tail  raulnlng  In  the  loa» 
kinatio-praaaura  aakaa  fron  tha  aing  and  aft  naoallaa  (Hg.  10).  Thia  oan  raault  in  the  incldanea 
Ineraaaing  (dua  to  rotation  and  rata  of  aink  folloaing  the  atall)  until  tha  alreraft  atablllaaa  at  a high 
Ineldanea  (l.a.  baeoMa  look-in  a deep  atoll)  ahan  tha  tail  aaargea  fron  the  aaka. 


FI&  lO  THE  SU?ERSTALL  PROBLEM 


' tTICK 
ronwMo 


'.■he  fllrht  dyntirdee  nf  tha  poat-atull  aotion  are  quite  cooa)lex^’“  but,  by  nnaloTf  aith  the  elrple  level- 
flight  pre-8t/ill  anilyuis  Xoalin/'  tn  oquithm  2,  it  cm  bo  seen  Ui'it  the  doflfcaor  lUst  prnvHe  ii  :in»  of 
obt'tinlnr  sufficient  nose^down  pitch  Inpulse  to  prevent  tho  aircroft  enterin'*  a deep  atoll,  '.Vlth  »oca 
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liruruft  part  of  this  noip-il'iwn  Inpuliie  li  tppllail  b<  tha  autoguitlc  applloatlor.  of  a itlok-puaher< 

The  apaoiillat  laetura  by  Kr  W foTHtoah  >!#■>:«  a-l».h  an  alroraft  alth  n loa  tall  but  will  oover  the 
fl lght-lynni.lc  problenj  I h.iY*  Dentloned  am)  tiieir  '.apaot  or.  airorift  lieelgn. 


FIGM  UMIATIOMOF  FOKCS  ON  A AAOML  FIC  It  \MIATKM  OP  HOLLINC  MOMfNT  WITH  ANCLE 

NEAK  LIMITING  LIFT  (M.O  OFIlOEELie  ONW  A *MCC  OP  INCIDENCE  ^-O  t) 


Ir.  contraat  to  *.h»  altuation  it  low  apflels.the  phenomena  which  limit  useable  lift  ‘.t  high  subaonlo 
ajetls  ure  both  Boro  viriel  and  Bore  eoBplex.  As  alrsitdy  Bontioned,  the  lift  coefficient  Bay  not  peach  a 
ntlFuff  value  but  the  separation  of  the  airflow  over  tiio  win -s  leads  to  irrejiuler  V iriotions  of  overall 
fortes  with  incidence  and  to  unsteady  excitations.  Sobs  of  these  effects  are  shown  In  71g.  11  which  gives 
ilrts  of  results  fpor.  wln’.-tunr.el  tests  of  n conventional  force  model  of  a wing'body  combination  with  a wing 
of  UC^  sweep,  The  griphs  it  the  top  of  the  fli-ure  show  the  variation  of  the  narrow  band>v'.lth  root-mean- 
squ'ire  dynamic  strain  at  the  wlnr  root,  plotted  against  lift  coefficient.  The  ploto  lower  down  show  the 
variitlort  of  pttchir.g  O'r.er.t,  incidence,  axial  force,  irae  and  rolling  eioBont  at  sere  sideslip.  The 
Various  stages  cf  flow  breakdown  oorres;  ondlng  to  points  1 to  5 on  the  incidence  plot  are  shown  in  Mg.lJ, 


nc  IS  WINS  FLOW  KFrCIMS  NfAW  LIMITING  LIFT  (U>0  N,  Fi40^ 
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It  otn  bt  itan  that  tha  oollaptt  of  tho  floo  ovar  tha  outar  «in(  haa  raaultad  In  a aailcad  pitch  up 
and  a draaatio  Inoraaaa  in  drag  but  a ooabat  aircraft  with  thia  typ*  of  wing  would  ha*a  auffieiant  tailplaaa 
power  and  angina  thruat  to  pravant  thaaa  faotora  Uaiting  tha  aaneauvarabilitjr  and  wa  wuat  look  for 
another  poaaibla  oauaa.  Buffat,  la  of  oouraa,  a poaaibillty  and  tha  RK8  wlnff-root  atraln  which  ia  a 
aaaaurw  of  tha  raaponaa  of  tha  nodal  to  buffat  axoitatlon',  claarly  ahowa  a aisiifioant  riaa  in  axoltation. 
Tha  rolling  aoaant  axouraion  ahowa  a tandancy  to  flow  aaynatrloally  but  it  la  nona  too  Obvloua  how 
aignificant  thia  night  ba.  Koraovar,  naaaurananta  of  rolling  nonant  over  a range  of  anglaa  of  aidaallp 
(rig.  13)  ahow  that  thara  ngy  ba  draaatio  ohangaa  in  tha  value  of  C]^  (Iv)  wall  before  tha  aoaant  at  laro 
aidaalip  ia  affected.  Iba  other  lateral  darlvativaa  chann.ln  a aiallar  aannar  and  at  vary  high'lncidanoa 
thara  agy  ba  algnifloant  hyataraaia  during  a (ipiaai-ataady)  aidaallp  axouraion. 

Thaaa  wind-tunnel  data,  which  arc  thought  to  ba  fairly  Vp3°a3  winga  of  this  thicknaaa 
(.09  < t/o  < ,11)  and  awaap  33°  * * h5°)>  indicate  that,  for  tha  aircraft,  tha  onaat  of  wing  buffeting 

will  give  an  indioatlon  of  tha  approach  to  Uniting  lift  conditions  but  althar  buffat  or  aoaa  fom  of 
stability  and  handling  problan  will  datamlno  tha  aaxinun  uaaabla  lift. 

C Hwang  and  W 5 Pi  have  raoantly  published  tha  results  of  thslr  naasursnsnts  of  the  dynanlo  and 
aaroalastio  rc-ponaa  of  a PJA  airoraft  In  high-g  wind-up  tuma°.  These  show  that,  for  thia  alroraft, 
which  has  a wing  awaap  of  2J°,  buffat  onaat  gave  tha  pilot  warning  of  flow  separations  near  tha  wing  tip 
and  that,  as  the  inoidanea  inoreasad  thara  was  a rapid  build  up  of  rigid-body  oaoillatlons  (daaoribad  aa 
*wing  rock")  and  atniotural  vibration  (buffat).  Tha  pilot  taminatad  the  turn  and  ratumad  to  laval 
flight  when  tha  vibrations  and  oscillations  pravantad  hln  controlling  tha  nanosuvra.  In  their  report  of 
sisillar  wsasuraiuants  with  a P111A  airoraft  at  2fi°  awaap,  Bansps,  Cunninghaa  and  Dunayaiv  do  not  spy  what 
factor  liaitad  tha  nanoauvras  but  they  draw  apsoifio  attention  to  tha  aayni«try  of  the  buffat  raaponaa. 

The  SUB  of  our  praaant  knowledge  indioatas  that  the  aanosuvsrlng  oapablllty  of  swept-  Ingil  ooabat 
airoraft  will  be  liaitad  by  buffat  Uii/or  by  a buffat-rslatad  las.<  of  latariil  stability.  Tha  lateral 
stability  phanonana  are  usually  daaoribad  by  pilots  aa  wing  rook,  wing  drop  or  nose  slioa. 

Buffatlnf  is  a structural  vibration  whioh  ia  often  dafinad  as  the  struotu-*l  rasponsa  of  tha 
aircraft  to  tha  aarodynasde  excitation  oroduosd  by  aaparatad  flows^.  The  dynaailos  of  tha  rasponsa  will  ba 
dlscuaaad  by  t’r  J & Jonas  in  his  specialist  leoturs,  but  1 should  like  to  draw  your  attention  to  tha  block 
dlagroB  (Fig.  II.),  Illustrating  the  interaction  between  response  and  excitation,  whioh  ha  prasantad  at  the 
ASARO  Speclallats'  oeotlng  at  Lisbon  in  1972'“.  Tha  wain  thing  to  notice  is  that  Uta  notion  ia  influanoad 
by  structural  Inertia,  stiffness  and  duaplng  as  well  as  by  the  asrodynanio  fomng  and  daaping.  However 
tha  essential  feature  of  buffeting  is  that  it  arises  fron  an  Inoreasa  in  tha  laval  of  tha  aarodynaaio 
forcing,  nils  is  in  contrast  to  the  phenoasnon  known  as  a tail-flutter^  1 , which  gives  structural  vibrations 
under  ruch  the  ssita  conditions  as  buffeting  but  these  are  due  to  a reduction  in  aerodynanle  dancing  to 
negative  values. 


GENERALISED  AERODYNAMIC  FORCE 


FIG  14  BLOCK  DIAGRAM  FOR  STRUCTURAL  BUFFETING 


Wing  rock,  wing  imp  and  nose  slice  describe  rigid-body  aotions  of  the  aircraft.  The  general 
block  diagrtm  for  these  dynumlcs  (Fig.  15)  contains  aarodynaaio  stiffness  and  daaping  and  possibly  an 
aerodynsBlo  forcing  term  but  only  the  one  non-aerodynaaie  tarn  - Inertia.  Kr  D E Shaw  will  give  a 
detailed  discussion  of  these  aotions  and  their  probable  causes  in  his  lecture  but  I do  net  think  I will 
be  detracting  such  froo  his  contribution  if  I w^e  a few  general  points.  The  siotion  described  as  wing 
rock  could  be  the  rigid-body  equivalent  of  buffeting  (l.a.  a response  to  aerodynaaic  forcing)  or  it 
could  result  fron  a sudden  loss  in  damping.  Wing  dropping  is  presuaably  initiated  by  the  sudden  loss  of 
lift  on  one  wing  but  the  divergence  in  roll  fallowing  this  lift  loss  must  ba  due  to  a low  stiffness  in 
roll,  which  would  result  from  the  stalling  of  the  outer  portions  of  the  wing.  Nose  slioa  is  again  s 
divergent  notion  and  rust  have  as  its  root  cause  a loss  of  stiffness.  Of  course  all  these  phenoaena 
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relate  to  latenil/dlroctlonel  stnbUlty  ehureus  it  loe  speel  It  le  the  lon/ltudlmil  isotlon  ehloli  eovomi 
tlie  uieable  lift. 


AINCAAFT  MOTION  0/ELOCITY) 


TOTAL  AERODYNAMIC  FORCE 


FIG  IS  bljcx::k  diagram  for  rigid-body  dynamics 


7!ie  unil'.-'..'.  ir;  nf  .11  r-iuti  iT  11;;.1‘  t..r  Ui  '.l.la  lU'*.  i'.  i.i  7.  3(  .re  '.i.-.t  •..luj 

•IV  ii:  rniio.'.ii;  !,-n..v.c  £ ll-  .i)  .i.-  •i..',  I’.  : j.-Ili):’;  r.  V,.:  • r.s 

..i.ic'.  Ifit'.'rr.ir. '£  ■ .■  llr.l"  1,  <-  : • uvn;.  The  oKtont  t which  t.M.  pilot,  c d coj.o  with  *.ho  vlbr itii  r.e , 

oicill'iti' ns  ii.i  ;v..'r,-'':,cc  lc|_..;i!  -n.  triinlu.'  m.l  thw  r.ituro  oj'  th  ■ o-k  Is  f .cu ! with.  It.  foll-wc 

thit,  in  contrast  tr  toe  aituitl't;  .t  Ic..  twee),  the  llttlts  on  wse  iblo  li:'t  .t  hi -h  a|.o"i  ■j.iy  be  rather 
V'lriablo,  with  th*  filot  wolr.,.*  willing  and  able  to  actilevi>  hlriv''f  'Inits  in  evasive  ranoeuvr.,3  than  in 
attack.  i..;  1. 1,--  \ liicli  '.ork  load  ^in i needs  to  perforit  •.  precise  tracklne  to.sk  (Fifi.  't').  'iowever, 
si.ace  buffettr...-  a £triO‘!'il  response,  tir'  level  cf  vlbr.ation  i'=.lt  by  the  [ll-'  ieponda  on  hi;  porltion 
rt'l  itive  • na * -i  f t o.  ".ole.  • h.'-  r .v  n- 1 .”*■  •ipy  ml  approri  .ti-T.  of  cither  the 

pua'shr.fit  'loae.!  ' ,’t— M-t'ore  or  the  vibratl  n levels  t,-  ;.:iich  v>i"i''t..".  ie;.>o  c.'’  estor.tlal 

i ns t.'Mae.at .;<•  r.  i.'"  hein.’  swo.hc t.' 1.  ?his  later  aspect  h .s  he  li  cnr.jiiorcd  by  3r  !i  Jahj.  ’i.  .1  recent  iflO 
r-  Oft  s .^.1  h.,  .11’.  r'f.  r t it  r.  ..is  lecture. 
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FIG.  16  MANOEUVRABILITY  LIMITS  FOR  COMBAT  AIRCRAFT 
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As  a further  contribution  to  the  general  .discussion  of  buffeting  and  related  phenomena  I should 
point  out  that  it  has  boon  widely  observed  that  the  rate  of  build-up  of  the  buffetinR  resoonae  with 
Inoidonoo  decreases  with  incmasini;  sweop-biok  f the  .-.in,'.  Althojrh  this  ir.plles  that  the  arwunt  of  buffet 
penetration  (l.e.  the  difference  between  Baxlnuin  use, able  lift  an.i  lift  at  buffet  onset)  must  be  less  for 
the  lower  sweeps  (in  general),  it  is  by  no  means  universally  the  case  that  buffeting  is  a limiting  factor 
for  wings  of  lor  sweep  - as  was  shown  by  the  flijht  tests  of  the  F-htP. 
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Btouuie  or  thtir  lo«  atruoturnl  Inn  I f ictnra,  civil  tnnaport  aircraft  praatnt  llffloult  vthlolaa 
I'or  ilatHllel  riii’ht  axportmonta  nn  lift  llBtt.itinna  it  hli4i  apeala  anl  T knoa  of  no  publlatial  data  on  tha 
rol'itlv"  lEpoi'tince  <if  tha  atnictural  uiid  rl.'M*bnly  raaranaea  for  thla  typa  of  alroraft.  Tha  alnaorthl- 
noaa  rt>,!ulatinna  daflna  two  lavala  of  buffat  raaponaa  (aaa  Tabla  2)  but  maka  no  apeolflo  rafaranca  to 
ri/rll  •brly  phanonatvi  at  hl>’h  apaada  and  hl>’li  lift.  Iloaaver,  It  aaaaia  plaualbla  that  atran/;tb  llailtatlona 
and  thn  atructural  anl  Inertial  churactariatlca  of  thaaa  alroruft  (particularly  tha  larrar  onaa)  would 
awin'  the  balance  In  fav''ur  r><‘  buffatln'  aa  the  llailtlni’  factnr. 


FAR 

Significant  Buffet 

Buffet  of  intensity  such  that  tha  pilot  would  be 
cunaldered  likely  to  modify  the  manoeuvre  which 
caueee  the  buffet 

FAR 

VixiBuui  0«aon8trut«d 
BuiTet 

VmxIdub  buffet  Intensify  which  has  been  deBonstrated 
to  Ciuse  neither  loss  oi'  control  nor  stniotural 
daBAee 

■ 

Buff*!  onset 

The  lowest  level  of  buffet  Intensity  consistently 
•ietectebl^  durins*  n^rr-il  iccoleretion  denonstratlons 
In  srooth  nlr  conditions 

Vuxlsur  Detrionstrutad 
Buffet 

Che  ffcxiffUB  level  of  buffet  intensity  at  which  it  hM 
been  shown  in  fli>rht  tests  thnt  controllebility  and 
structural  Interrity  are  uniepaired 

Table  2,  Definitlona  of  buffatlnr  inteneity  for  civil  aircraft 
I,.  jf!--;  ?U'r;-hv,cH..'T-  and  Aiac:(ArT-3-;„ir:  inputs 

firn  what  I have  aall  already  about  tha  low-apaed  atalllnK  of  awapt-winred  aircraft  you  will  hava 
lel'jcad  that  tha  upper  Halt  to  the  aiaxlaiuei  uaeable  lift  is  aat  by  the  atalllnir  of  the  outer  wln^,  nia 
lirport  ince  of  th'  loa-sroel  stullln  • parfornance  la  ao  ureat  that  the  outer  wlnt  la  uaually  daalfrnad  vary 
cirofull,.'  to  havt  iuasl  two*J lions lonal  flow  mi  to  achieve  the  full  iaxliEur>>lir t potential  of  the  wing 
acctl'r.  mi  its  hioh-lift  lavlcea.  Hence  the  flull  cachanlet  we  are  concerned  with  are  easantlally  twe- 
3itenc>nil  and  the  claaalca’.  expoaltlon  of  l'cCullou»ih  in'*  5ault'*  prcvldea  the  baalc  atartlne  point. 

/!.•.  1/  (lifter  Koater'^}  ahows  aoaio  features  of  the  three  types  of  stall  they  identified.  "’he  short 
t'-bble  type  (1)  and  the  Ion."  bubble  stall  (2)  are  due  to  separation  of  a leolnar  boundary  l^yer  under  the 
steep  adverse  pressure  fsridlent  which  fullnwc  tne  aharp  auction  peak  near  the  leading  tigt  of  unciabertd 
aerofoils  ci'  low  thickness  chord  ratio.  The  lonr  bubble  only  occurs  on  very  thin  aerofoils  and  the  abort 
babble  stall  is  unlikely  to  be  found  at  hl^h  Haynolds  nuobers.  Wlnt;  aectiona  dasl-med  to  avoid  veiy  high 

section  peaica  near  thn  leudine  ed(;e  will.  In  general,  experience  atalls  which  lavelop  fron  saparatlon  of 
the  turbulent  boundiry  layer  near  the  trallir.i*  edge.  Theee  aectiona  will  have  higher  aexiaus  lifts  than 
those  stulllne  at  the  leadlnr  edge  and  hence  a treilinr  edge  stall  (type  1)  should  be  the  design  alB.  The 
question  what  Is  the  optliuc  upper  surface  pressure  listi.bution  (l.e.  what  shape  of  pressure  lietrlbutlon 
gives  the  greatest  lift  with  attached  flow)  appears  to  have  been  answered  first  by  Liebeck^^  who  utiliswd 
Dtratford's  woia  on  the  separation  of  turbulent  boundary  layers^^.  The  optiauB  pressure  distribution  has 
a suction  plateau  extenilng  fmB  the  leading  edge  over  a aigniflcant  proportion  of  the  ohord,  with  the 
recorpresalon  to  near  freestreao  conditions  following  a relaxing  pressure  gradient,  of  the  type  devised  by 
Ctritford  to  contlnuouely  Just  avoid  separation.  The  optlBum  length  of  the  plateau  depenls  on  Reynolds 
nuiber  anl  transition  position.  Hr  A »'  0 Snith  will  discuss  these  flows  in  detail  In  his  lecture  but,  as 
an  appetiser,  I elll  show  you  a result  obtained  by  3 J Weeks  at  the  RAK  Just  before  Usbeok's  paper  wet 
published.  Hers  (Fig.  IF)  you  can  sec  the  thepe  of  an  optissuB  pressure  distribution  and  also  how  that 
shape  can  be  obtainel,  fairly  closely,  by  sppilicatlnn  of  nose  camber.  Of  course  this  camber  wculd  be  Boat 
unsuitable  for  other  oonlitiona  of  flight  but  eince  it  Is  .confined  to  the  first  20f  of  wing  chord.  It  could 
be  obtained  by  application  of  a variable-camber  Bechanlsm  euch  as  RAEVAX^7, 

At  low  speeds  however  nose  camber  is  less  effective  than  a well  designed  slat  but  ell  .eedlng-edge 
devices  suffer  from  the  disadvantage  that,  on  their  own,  they  simply  delay  the  itall  to  higher  incidencea. 
There  are  veiy  practical  reasone  why  aircraft  incidence  is  limited  and  for  this  reason  it  is  usual,  for 
landing  ani  take  off,  to  use  slate  in  conjunction  with  tniillng  edge  flaps  (which  increase  the  lift  at 
constant  aircraft  Incllence),  The  most  efficient  errangeicnt  of  slats  ani  flaps  uses  slots  connecting  the 
upper  anl  loser  surfaces  at  the  slat-wing,  wing-flap  and  flap-flap  Junctinna. 

The  precise  fluid  mechanics  of  these  elota  has  only  recently  been  explained.  Foster  at  ml’®  have 
shown  that,  for  a wing  section  with  a slotted  flap,  the  lift  at  constant  Incidenos  dscraasas  with 
increaain,;  slot  gup  according  to  calculations  for  inviaoid  flow.  In  real  flov;  the  lil  t increased  with 
rap  until  a well  lefined  maximum  la  reached,  thereafter  It  decreases  (Fig,  19).  The  maxlaum  lift  ie 
rbt'ilnei  when  the  mixing  of  the  wake  from  the  main  portion  of  the  wing  with  the  boundaiy  layer  on  the 
flaps  Is  'ielayed  to  near  the  trailing-sdge  of  the  flap.  The  action  of  slots,  therefora,  it  to  break  up 
the  long  region  of  adverse  pressure  gradient,  which  extends  from  near  the  noaa  of  the  aerofoil  to  the 
traillnr  edge.  Into  a number  of  short  lengths  each  having  ita  own  boundary  layer  growing,  more  or  leas, 
uncontaminated  by  the  other  boundaiy  layers  end  their  wakes  (Fig.  20),  Tie  proper  use  of  slots  allows 
very  high  peak  sections  to  be  obtained  without  eepiration,  aa  is  ahown  in  Fig.  21.  This  la  a cats  wherw 
the  slat  cirrles  J5f  of  the  toUl  lift.  Both  the  slat  flow  and  the  flow  at  the  rear  of  the  mein  sing 
are  close  to  separation.  Slat  stall  could  be  avoided  by  Increasing  the  slat  angle.  Hie  lift  at 
constant  Ineldance  could  ba  inoreaaad  by  inoraaaing  the  angles  of  the  flap  and  tab  but  thla  riaka 
atalling  them. 

In  applying  Blotted  hlgh-llft  davlcea  to  practical  wingt  great  care  haa  to  be  taken  in  the 
design  of  the  supporting  brackets,  as  the  wakee  from  the  brecketa  can  provoke  premature  separation. 
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Fiai7  STALLING  CHARACTERISTICS  OF  SINGLE  AEROFOILS 

(diagrammatic  only) 


OPTIMUM  PPCSSUm  OISTPieUTION  AS  A FUNCTION  OF  FLAP  GAP 


Aa  Bight  b*  (ipaetad  th*  nows  or*r  finite  wlngi  ntir  llBiting  lift  at  hl^  apaeda  are  appreciably 
Bore  oovlloated,  fig.  13  ahowa  aoBa  eaaaplaa.  Vlnga  of  lower  aweep  would  hare  reglona  of  quaal-two- 
dlBwnalonal  flow  near  ald-apan.  with  forward  aoTeaenta  of  the  ahook  wave  near  the  root  and  tip,  while  for 
higher  sweapa  the  flow  Bight  be  doBlnated  by  part-apan  wortioea.  However,  aince  the  aim  of  the  aircraft 
aaro4ynaalolat  la  to  achieve  Boat  of  the  potential  parforaance  of  the  equivalent  two-dlnenaianal  aectlon 
in  the  daaign  of  hit  finite  wing,  1 think  I ahould  begin  introduotlon  to  the  fluid-nechanica  of  flowa 
at  high  apeod  hy  aqying  aoBethlng  about  the  flowa  over  aerofoila  at  incidencea  near  that  for  the  fir't 
appaaranoe  of  aeparation.  The  equivalent  two-dlaenalonal  aeotion  and  equivalent  free-atraasi  Kach  nuaber 
for  a awapt-baok  wing  are  defined  in  Fig.  22.  Figure  23  ahowa  typical  anvalopaa  for  aeparation  onaet  on 
aerofoila  of  Bodlua  thioknaaa. 

I have  already  nantioned  that  at  low  apeada  and  hl^  inoldenoa  the  aingle  aerofoil  davalopa  a very 
ahatr  auotlon  peak  oloae  to  the  leading  edge.  With  Inoreaaing  Mach  nunber  the  flow  near  the  noae 
beaoaaa  auperaonlo  (Cp**  - 10  for  H.  a 0.25)  and  the  general  tendency  la  for  the  peak  to  broaden  and 
flatten.  Part  of  the  initial  reeoBpraaalon  davalopa  into  a ahook  wave  which  Bovaa  further  back  on  the 
chord  with  Inoreaaing  inoldenoa.  With  the  older  type  of  aerofoila  the  preaaure  diatribution  behind  the 
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FIG  20  FLOW  APOUND  AEROFOIL  WITH  SLAT  I FLAPS 


FIG  21  PRESSURE  DISTRIBUTION  ON  WING  WITH  SLAT  AND  FLAP,  NEAR  THE  STALL 


I 

r: 'jT'.i  I.-  :.ii;  i : rci..'  .r*-  {?lr»  ,U'  -ir;i  v.e  initial  separation  foritr  as  a bubble  at  ^ 

t;.-  Vr,(.*.  ♦;;«  ..it;.  Ir.cr  ir..’  thi::  buubie  r.r^fis  rajiily  in  extent  until  it  approaches  I 

ti'.ii;*  -oirc,  It  a r if  i i ;ivor«’^rc»*  f th'-  tr.ulin^' edp:e  precrure  and  a collnrse  of  I 

th**  fl'w,  Th'-  r»**i'.r  •<!’  u flow  la,  of  courr**,  i a.urce  of  buffet  excitation.  This  t/TiO  of  flow  *1 

iovfloi.c.Mr.t  lo.  ’/'r.  to  1 "fl'-.  li-;  in  a ci'iacic  pufer  on  scale  effects  by  Pe.-ircey,  Csbome  and  5 

A.’iio,  !'or  tn<;  olJor  tvr.i'c  c-f  winr  scctinic,  this  tvpn  .M’  separation  is  ^piccl  of  flows  for 
brtn  lirt:  f t\r-  Jl  ?!  ^r.volr^o  for  ::oi -tritlf  n onr.<*t,  althr  typical  presrure  distributions  chan/fe 

J'lTJir.  .'l  ivin  ' r/'iert  ic.' urtj;  of  isi-ntrofic  recerj  ression  upstre-r.  of  the  shock  to  conotonically  expanding 
fin?;;-.  '.i  t'  tr/'  r.hrck  (Pi ?}*],  Ilinc<»  for  these  sections  the  initii'U  separition  is  directly  duo  to 
V.'-  c.’.'ck,  th'-'  hi.'i-.-]ift  p'^rf orr-tnee  c-ir  be  ir.provel  by  reduclnr  the  &trenr;th  of  the  shock  wave,  for  a 
•iv^n  jroi’i  Ic  i ent.  This  g-tn  be  achievoi  by  U'sWTiinr  tlie  upper  surface  to  have  a measure  of 

isentr' r Ir  c'-'r;:  ression  u:rtrear.  of  th*'  shock  with  i furth'T  aft  shock  location*  Tills  is  mere  effective 
'it  nup.h''rr>  at  the  u'^'Or  end  hi  h-lift  r'ji.e:e  (!•*••  ?*  ▼ ¥.2  in  Pig,  2U) , and  usually  requires  an 

i r.c  ro  , i r.  lealin,— edre  riiiui  with  a narkei  rciuction  In  upper  surf'^cc  curvature  farther  baclr®.  At 
I'^wcr  specie  a rol  .ction  in  the  pe.ik  suction  level  ne.ar  the  leading  edge  (by  nose  cumber)  is  beneficial. 

?r  »i  cert'iin  extent  these  pic  lif  ic'itlons  are  conflictin.**  and  a careful  balance  has  to  be  struck. 

?i-»e  l.Uost  type  of  wing  sections  ar<*  lesiruci  with  the  aid  of  powerful  theoretical  methods^^ 

-mi  comrino  extensive  rerlons  of  supersonic  flow  upstroair  of  the  shock  with  large  amounts  of  rear 
loading  (Fig.  ?5).  This  tyre  of  deslfTi  is  heavily  biased  to  improving  the  high-speed  end  of  the 
separation  envelope  (?ig.  ?i).  As  shown  in  Pig.  ?3*  high  suction  levels  develop  at  the  lower  Kach 
numbers  and  sepantion  nirht  be  expected  to  start  at  the  traillng-edge,  duo  to  the  severe  adverse 
pressure  gradient  there.  -iewever,  In  these  cusos  it  seems  that  the  trailing-edge  separation  is  partly 
provoked  by  the  bubble  under  the  shock.  ’!Tiis  is  an  example  of  Pearoey's  iDodel  6l  flow 


1-13 


) 


CH  ^ 


NEW  teCTIONI 


Ot  0»  0-7  OI  0-9 


m.?.?.  EOUI'''LENIT  TWO-OlWcNSIONAL 
EVICTION  FOa  SWEPT  WING 


FIG. 23  Cl  VI  M FOR  SIGNIFICANT  SEMRATION 
ON  SECTIONS  WITH  MODERATE  THICKNESS 


At  V4eh  ntalMri  eloi*  to  K2  In  Fig.  2i  an  inor*a«*  In  inellmet  InorauM  th*  Aiiotlon  lavali  for 
th*  plateau  upatraaa  of  tte  ihook  and  oauiaa  tha  ahook  to  nova  baok  on  tha  aarofoil,  Iha  ra>axpaaalea 
folloalng  tha  ahook  appaari  to  ba  aodlflad  by  tha  aaparatlon  bubbla  and  tha  flow  laparataa  at  tha  trailing 
adga  whan  tha  ahook  raaohaa  the  oraat  of  tha  ra-azpanalon. 

Sing  aact'.ona  in  currant  uaa  fall  half»aay  bataaen  tha  two  typaa  I hare  nantlonad,  havlnc  laaa 
raar  loading  and  laaa  auparerltlctl  lift  at  aaparation*onaat  than  tha  aodam  aaetion  in  Fig.  25.  Ihay 
rapraaent  a elaaa  of  aerofoil  for  ahieh,  axoapt  poaaibly  at  high  Rpynolda  nuabara,  rear  aaparatlon  will 
occur  bafora  tha  bubbla  aaparatlon  raachaa  tha  trailing  adga.  They  tharafort  provida  axo^^laa  of 
Paaroay'a  Kodal  B floa'9, 

Sail  loaignad  winga  of  ooderate  to  hi^  aapact  ratio  (i.a.  greater  than  5)  and  loaiah  aaoap 
(i  < }(fi)  alll  exhibit  floe  separations  typical  of  their  a^aivolant  two-diMnaional  aaotiona.  Tha 
Initial  aeparjtinn,  laaling  to  buffatlng,  la  likely  to  occur  either  on  tha  outer  wing,  where  tha  local 
lift  eoefficiant  reaches  its  r.ixiBua  value,  or  where  the  cain  shook  wave  loaaa  awaep,  due  to  tha  affaota 
of  planfons  klnka  or  the  Influence  of  the  bo4y.  When  the  shock  la  aaapt  aora  than  about  }0P  tha  apanwiaa 
flow  conponant  cauaas  the  bubbla  separation  to  roll  up  into  a vortex  which  at  high  inoidanoe  breaks  away 
from  tha  line  of  the  shock  ani  awaepa  obliquely  aoroaa  tha  wing.  Sweepbaok  of  the  trailing  edge  leads  to 
a thickening  of  the  boundaiy  layer  there,  due  to  crossflows  and  the  lengthening  of  tha  path  swept  out  by 
the  surface  atreamllnea.  This  results  In  loss  of  rear  loading  and  an  increased  tendency  to  aaparaticn. 
Both  vortioaa  and  boundirylayer  thickening  are  evident  in  the  flow  diagraaa  in  Mg.  13.  Tha  diagroas 
also  show  that  pockets  of  supersonic  flow  develop  outboard  of  the  first  part-span  vortex,  nan  vortices  fora 
under  the  shocks  there  and,  xlth  Increasing  inoidsnea,  the  flow  pattern  a 'Vaa  prograasivsly  inboard.  At 
lower  I'ach  nuteera  and/or  higher  awaepa  this  tendency  to  aultiple  vortices  Ineraaaas.  Morsovsr,  it  should 
be  noted  that  this  type  of  flow  davalopmant  results  in  severe  increases  in  drag.  Tha  bubbla  vortex  appears 
to  generate  sore  lift  on  a apanwisa  section  than  its  equivalent  bubbla  in  two-diaanalonal  flow  and  it  also 
inhibits  the  apanwiae  drift  of  the  bounlaiy  lk7a>*t  Inboard  of  where  it  oroaaas  tha  wing  trailing  adga. 

Althou.yi  several  investldstions  of  buffating  exoitation  have  been  made,  thera  is  little  published 
data  on  the  fluid-aeehanics  of  (he  aerolynamlc  excitation.  SsBe  rasulta  of  maasursaants  of  fluctuaUng 
pressures,  honevor,  have  been  presented  by  Lemley  and  Kullana*',  Hwang  and  Pi°,  Konnaria  and  Charpln^, 
John^^  and  by  Eabey^  (who  suasarlsed  the  walk  of  Eosa  and  ihindell).  The  iniloationa  are  that  rear 
separation  does  not  contribute  aleilficantly  to  buffeting  - the  aajor  axcltatlona  occur  under  tha  shock 
waves,  vortices  and  extensive  regions  of  separitlon.  There  is  a poaslbillty  that  signifioont  fluctuations 
in  local  normal  force  could  be  generated.  In  Pearoey's  model  B flowa^9,  by  the  time-lag  between  incraaslng 
shock  strength  and  tralllng-edge  aaparatlon.  The  potential  amplitude  of  such  fluctuations  would  bs 
proportional  to  the  dlvermncs  of  the  local  normal-force  curve  froa  the  axtrapolction  of  ' 'a  shape  prior  to 
separation  onset  (Fig.  26}.  This  type  of  excitation  could  only  be  detected  by  a apecifi  . analysis  of  ona 
or  more  chorlwlse  distributions  of  pleasure  fluctuations  and  no  such  Invaatigatlon  has  yet  been  rsported, 
Hoaeyqr  the  proportionality  of  buffeting  fores  to  the  dlverganoe  of  overall  lift  has  been  reported  by 
Boreas. 

The  magnitude  of  buffeting  excitation  (the  fluctuating  input  in  Flg.lh)  la  the  product  of  tha 
narrow-bandwidth  RES  pressure  fluctuations  and  the  normalised  wing  dafoimation  in  the  mode  under  consider 
atlon.  Hanoe  we  should  expect  that,  for  a given  level  of  pressure  fluctuation,  the  rssponas  of  the  wing 
in  its  first  bending  mode  would  ba  greater  at  lower  wing  awsapa  (when  the  locus  of  the  shock  and  its 
bubble  separation  lies  normal  to  the  nodal  line)  than  at  high  sweeps  (whan  the  vortices  cross  the  wing 
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obllqualy.  Thl»  it  probably  »l(y  aind-tunnal  Maiuretitntt  of  WS  wlng-root-t train  tho*  Bort  rapid 
incrtttti  of  Bodol  rttpontt  aith  lift  eoaffioiant  for  ainfii  of  Icatr  lattp.  Wt  ihould  alto  axpaot  that 
thr  ralatlva  iaportinoa  of  tht  highar  Bodat  of  aing  loforauttlnn  aill  inaratia  aith  inoraating  taaap. 

Kontiaur  IV>nnaria  aill  bt  tailing  you  Bora  about  thaia  vary  ooaplioatad  and  variad  float  in  hit 
tFaclalitad  laotura,  Hnatvtr  btfora  flnithinr  thit  part  of  ^y  talk  I aoull  likt  to  Btka  a briaf 
rafnrenca  to  tho  fluid>Baohanici  of  alatt  and  vuriabla  coabar  at  high  tptadt.  Tha  affistoy  of  laading- 
adge  davioat  in  inproving  utttbla  lift  at  hii*  tpaadt  it  aall  raoorlad  in  tha  litaratura‘° and  a 
dltcutaion  of  their  fluid  atchunica  ahan  applied  to  aingt  of  aodarata  thieknatt  htt  been  given  by  fotti 
Hainrs  and  Jordan*'. 

At  loa  tpaadt  a aall-datiffie.l  tint  it  auparior  to  note  ooBbar  bactuta  it  affectively  iaolatet  tha 
boundary  layer  on  tha  upper  turface  of  the  main  part  of  the  alng  froB  that  on  tha  alat  upper  turfnca  and, 
In  conttiuanoa,  alloaa  hitihar  auction  peaks  to  dovalop  on  the  tint;  aharaat  note  oor.ber  tupprettat  tha 
suction  oa^ikt  at  the  nose  to  avoid  taparation.  The  ability  of  the  slat  to  eurty  hlrh  tuctiona  it 
dir.inished  aith  increasing  Vach  nuBbar  by  snock-inlucad  taparation.  Ihe  nain  benefit  derived  froB  tha 
deploynent  of  tha  altt  it  the  reduction  In  auction  levels,  coBparad  aith  theta  for  tha  plain  wing,  and 
hence  itt  effectivanast  in  delaying  saparation  ontat  Bay  oaa  little  to  the  floa  through  tha  tlot  at  it 
thoan  in  raf.  17.  Hoaavar  it  aas  found  that  alatt  (with  open  tlot)  are  effaotive  in  halting  the  forward 
Boverent  of  the  ahockaave  at  a position  IC?  to  15)  behind  the  slat  trailing  alga,  until  the  floa 
separutat  on  tha  slat.  Th.s  aalntiins  shock  taaap  and  helpt  the  groath  of  lift  beyond  teptration  ontat. 
It  saecs  likely  that  alatt  on  am, -a  of  radiur.  thickness  should  have  a very  banefioial  effect  on  lateral 
stability  at  high  lift  at  they  have  on  thin  aingt^”. 

5.  SLS!DER-«I!:S  AIRCRAR 

In  qy  introductory  rcBarkt  on  uxlsiur.  utaablo  lift  I proBiaed  to  tty  aoBtthlng  about  aircraft  othtr 
than  tha  cluttioal  taapt*aingtd  variety  shoan  in  Pig.  1.  The  first  type  I will  deal  with  it  alendar 
aircraft^*,  Soc*  exanplat  are  shown  in  Pig.  ?6.  The  distinction  between  tlonder  aircraft  and  saept- 
alngai  aircraft  aith  very  high  angles  of  sweep  is  that  the  forvier  are  designed  to  have  flow  taparation 
froff.  the  laading-adges  of  the  aln.-s  over  their  entire  operating  range.  Ideally  the  leading-edge 
separations  should  develop  re|;'jl  irly  aith  change  of  incilenca  and  only  one  prlmry  vortex  should  fom 
aoova  each  wing  leading  edga^“.  In  practical  appllcatlnnt  of  tho  tlendar-aing  concept  however  it  it 
utu'il  to  have  part  of  tne  fuselage  extending  forward  of  the  wing  leadim— edge  apex  and  unless  chinas 
(Pig.  28c)  or  Bouttachas  (Pig,  2ha)  are  fitted,  Irre  -ulur  body  vcrtlcas  may  develop  on  the  leeward  tide 
of  the  aircraft  note  at  high  incidences. 

Dlatlnctlva  features  of  this  t/pe  of  aireroft  .aro  its  low  lift-curve  alopa  and  tha  absence  of  a 
lift  caxlmuir  in  tho  range  of  incldencea  likely  to  be  reached  by  the  aircraft.  The  loa  aspect  ratio  and 
low  thruat  force  on  tha  alnrs  leal  to  very  hli’h  drag  at  high  incidence.  Conaaquantly  there  ia  a flight 
spaed  at  which  the  aircraft  cm  only  Just  saintain  altitude  due  to  tlirust  llBitations.  This  speed,  which 
is  known  as  "tare  rate  -f  olicb  spaod*^*  c:m  provide  the  asae  datuB  for  spasd  sargine  on  approach  and 
taka-i  ff  as  the  "cinicum  speed  in  the  stall"  provides  for  swspt-alnged  aircraft.  Other  llaitations  on 
naxloux.  useable  lift  s.ay  coce  fron  stability  and  control  considerations  l.e.  that  control  of  the  aircraft 
shall  not  require  undue  piloting  effort  nor  unusual  piloting  skill.  The  tendency  for  slender  wings  of 
quasi-delti  planforo  to  exhibit  a gradual  nose-up  chango  of  trlr.  can  be  counteracted  by  the  use  of  an 
artificial  pitch  at,blllser  and  then  the  Bain  probles.  Is  lateral  stability.  This  is  assooiated  adtli  the 
hi‘*i,  angle  of  incidence  of  tin  aircraft  n .1  the  shelling  of  vortices  frciE  the  forward  fuselage.  The 
chines  and  Boustaches  referred  to  earlier  help  to  stabilise  the  eepar  tion  locil  for  the  body  vortices 
anl  increase  the  useable  incidence. 

The  rapid  chan, res  in  pUchin,-  noaent  In  Pig,  17  are  associated  aith  the  forward  novenent  of 
vertex  breakdown  to  tho  trallln,'  ed,^  of  the  sing.  Idle  breakdown,  or  bursting,  of  tho  vortioea  froB  the 
aing  leading  edges  has  been  explainol  by  LnBb'urne  end  Bryer^’.  It  clearly  isposes  a limit  to  tha 
useable  lift  of  the  aircraft.  Exporlnints  have  shown  that  the  incidence  for  vortex  breakdown  can 
decrease  quite  x.arksdly  aith  increasing  angle  of  sldeelip. 

Tne  leadini'-edge  vortices  are  also  a source  of  buffet  excitation  on  slender  alnge.  The 
phenoaenon  was  Investigated  quite  intensively  in  tha  nid-to-late  sixties^,  during  the  early  davslopaent 
of  Cnncords.  A variety  of  ■•asureiiienta  wera  trade  on  wln'l-tunnel  siodsls  InoludlM  unsteady  wing 
strain  on  both  solid  and  asroslastlc  siodeli*'}  and  unateady  pressure  Beseurensntedw.tt,  Dr  John  in  hie 
specialist  lecture  will  talk  about  the  use  of  these  technlquee  for  swept-elngad  aircraft.  Both  tunnel 
and  subsequent  flight  Beasurements  have  shoan  that,  at  incidences  below  incidence  bursting,  the 
buffeting  is  very  Bild  anl  inposes  no  liait  on  useable  lift.  Since  the  strength  of  the  vortices 
decreaseo  with  increasing  fach  number  high  speeds  present  nc  edlltlonal  problsB. 

6.  HYBRID  COitPI  X'RATIOilS 

The  other  typo  of  aircraft  I ought  to  refer  to  eoBblnse  leading-edge  vortex  flows  with  the 
advantages  of  lifting  cspablllty  of  awspt-winge,  Pigs,  29  and  JO.  There  is  little  published  inforaatlon 
on  tha  aerodynaBioa  of  these  configurations  but  it  sewas  likely  that  the  ohinsi,  or  ctroksi,  which  extend 
forward  fmm  the  wing  leading  edges  to  near  the  nose  of  the  aircraft  could  improve  the  Bonoeuvre 
performance  in  a number  of  ways,  Flretly  they  will  stabillia  tha  vortices  shed  froB  the  body  at  high 
Inoldenca  - improving  lateral  stability.  They  could  alto  inorsaee  the  lift  on  the  forwboly  and.Blthough 
this  would  tend  to  give  a progressiva  forward  shift  in  the  osntre  of  lift  with  increasing  Ineidenos.the 
trisnlng  action  of  the  tailplane  would  be  Bcre  favourable  (l.e.  Itsi  negative  lift]  than  for  conventional 
configurntlont.  At  high  subsonic  speeds  the  chines  and  their  vortioet  could  Improve  the  sing  desi^i 
problem  both  by  Inoraaslng  the  effective  twist  of  the  wing  (l.w.  inorsaaing  the  induced  upwash  naar  tha 
winfip^chino  Intersection)  tndby  softening  the  body  affecta  which  give  rise  to  the  traditional  two-ehoek 
system  near  the  fuselage  of  a conventional  deilgn-^.  It  aleo  BteBa  that  the  vortloas  frcB  the  china* 
tend  to  suppress  separation  on  the  outer  wing  panels  by  reducing  the  nutflos''.  This  iugfsats  that  they 
Bay  be  beet  used  In  oonjunotion  with  wlngi  of  lowlah  aspeot  ratio  and  loa  trelllng-adge  sweep.  An  inoreass 
in  the  sweep  of  the  chine  to  90°  before  it  aesta  the  wlag  IsadLig  s^  leeae  to  be  an  saaantlal  fsatura. 
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RCMARKS  ON  FLUID  MECHANICS  OF  THE  STALL 
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LiCTURE  1 BASIC  THEORY 


SUMMARY 

The  lecture  Is  In  two  parts.  The  first  describes  much  of  the  basic  fluid  mechanics  phtnomana  that 
occurs  with  stall  and  separation.  Some  flow  photographs  of  separation  are  presented  together  with  general 
coments  on  the  phenomenon.  Limits  to  pressure  rise  for  both  laminar  and  turbulent  flows  are  given  as  well 
as  their  general  theory.  Than  coaeaents  are  made  about  Reynolds  number,  Mach  number,  and  airfoil  shape 
effects  upon  separation.  The  second  part  of  the  lecture  considers  the  more  complete  aerodynamic  problem 
and  especially  shows  diagrams  that  point  out  all  the  possible  phenomena  entering  Into  a full  aircraft  stall 
and  buffeting  process.  Some  discussion  is  given  of  the  problem  of  calculating  flows  with  separation.  The 
lecture  Is  not  particularly  a review  of  existing  Information  but  Important  references  are  Identified. 

PRINCIPAL  NOTATION 

c chord 

1 2 

Cf  local  skin  friction  coefficient  t^/  j . ue 

c,  section  lift  coefficient 

Cl  lift  coefficient 

1 2 

Cp  conventional  pressure  coefficient,  (p  - p.)/  j .u. 

CJ  Cp  for  sonic  flow 

Cp  canonical  pressure  coefficient,  (p  -Po)/jup‘ 

m exponent  in  fp  • x*"  flows 

M Mach  number 

p pressure 

3 dynamic  pressures 

P Reynolds  number  (>  ugx/.  in  Stratford  flows) 

x-Peynolds  number  uex/. 

P Reynolds  number  based  on  momentum  thickness,  Ue“:'. 

S Stratford's  separation  constant  (b.2),  also  wing  area 

u velocity  in  x-d1rection 

Up  velocity  at  start  of  deceleration  In  Stratford  and  canonical  flows 

v velocity  in  y direction 

V a general  velocity 

X length  in  flow  direction,  or  around  surface  of  body  measured  from  stagnation  point.  If  used  In 

connection  with  boundary- layer  flow 

GPCEK 

. angle  of  attack 

flan  deflection,  also  boundary  layer  thickness 
* boundary-layer  displacement  thickness 

boundary  layer  momentum  thickness 
kinematic  viscosity 
mass  density 
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SUBSCRIPTS 
c chord 

t odgt  condltloni 

0 rcftrcnct  condition,  ii  In  Stritford  floM 

rtfortnct  condition  ot  Infinity 
itp  It  stptratlon 

1.  INTRODUCTION 

In  I “hord"  scitnct  ont  could  trait  tho  probiM  by  giving  i ftw  oguitlons  thit  covortd  • ctrtiln 
dm  of  phanomni.  Thty  iMuld  pradict  known  ratulU.  Furthoraora,  If  ono  wintad  to  know  anawtrs  for 
othar  condltloni  ho  would  only  havt  to  ontar  naw  conitantt  and  boundary  conditions  Into  tha  daicrlptlva 
aquations  and  crank  out  tha  naw  answars.  Contidar  Kaplar's  laws  for  Initanca.  Than  ara  othar  sclancat 
which  ara  mainly  daicrlptlva,  botany  for  Initanca.  Unfortunataly,  tha  ipaclal  iclanca  of  stall  and 
buffeting  Has  mostly  In  this  latar  class,  moaning  that  thara  ara  only  a faw  facti  that  can  ba  covarad 
with  any  samblanca  of  a law. 

Thara  Is  no  daarth  of  work  on  tho  ganaral  subjact.  In  fact,  tha  lltaratura  Is  vary  largo.  Tha 
problem  Is  that  most  axparlmants  and  observations  tend  to  ba  Isolated  and  do  not  fall  under  soma  kind  of 
blanket  analysis  method.  Contrast  that  situation  with  laminar  boundary  layer  theory.  We  know  that  tha 
aquations  ara  nearly  exact,  so  that  If  tha  boundary  layer  Is  thin,  whatever  tha  aquations  pradict,  mutt 
be  right.  That  Is,  In  order  to  pradict,  one  need  only  know  how  to  solve  tha  governing  aquations.  Bacauta 
of  lack  of  such  unifying  principles,  stall  and  saparatlon  technology  tends  to  ba  a coilactlon  of  Isolated 
axparlances  Instead  of  a unified  science.  This  disconnected  collection  makes  It  difficult  to  organlia 
a talk  and  makes  It  difficult  for  engineers  to  make  pradlctlons,  avan  though  thara  Is  a large  body  of  data. 

Tha  situation  Is  apitomliad  by  Chang's  book  on  flow  saparatlon  [1].  While  It  contains  a great  deal 
of  Information;  Ilka  tha  science  Itself,  It  Is  really  a disconnactad  series  of  articles  rathar  than 
a unified  treatise.  This  Is  not  to  ba  taken  as  a criticism  of  tha  book,  bacauta  It  Is  a vary  useful  one. 

It  Is  rathar  a criticism  of  the  science.  Thera  ara  to  many  papers  on  tha  broad  subject  that  It  Is 
Impractical  to  do  any  more  than. mention  tome  that  tha  author  thinks  Important.  BKiuta  ha  hat  not  raally 
bean  a student  of  this  subject. thara  ara  probably  Inportant  ovarslghts.  Stalling  was  known  by  tha  Wright 
Brothers  and  flow  saparatlon  avan  aarllar;  tha  earliest  work  we  choose  to  mention  hare  Is  that  by 
8.  N.  Jonas  [2].  In  1972  AGARO  sponsored  a special  conference  on  tha  Fluid  Dynaarics  of  Aircraft 
Stalling  [3]  that  contained  a wide  variety  of  subjact  matter.  This  conference  In  fact  Is  the  antecedent 
of  the  present  lecture  series.  An  earlier  one  that  also  contains  Important  subjKt  matter  related  to  the 
present  lecture  series  Is  one  on  Separated  Flows  [4].  In  addition,  there  ara  numerous  expositions  of  the 
detills  of  the  separation  process  Including  state>of*the-art  empirical  correlations.  One  such  paper  Is 
that  by  Chappell  [S].  A broad  picture  of  the  state>of*the>art  of  predicting  aerodynamic  properties 
Including  stalling  has  been  presented  by  Callaghan  [6]  In  an  earlier  A6AR0  lecture  series.  In  this 
connection  we  cite  one  of  his  figures  to  Illustrate  the  present  state  of  analytical  capability,  figure  1. 


AMAlVTICAi  tTATlM 

TVPtOPMiTNOO 

APPLICATION 

f IfRM  ANALVTICAi.  ^OUNOATK>*ll 
IN  TMMf  OIMCNSIONS 

• 9 0 UFTINO  POTENTIAL  FLOW  SOLUTION 

• LIFTING  SURFACE  THEORIES 

LIFT  AND  PITCHINO  MOMENT 
CHARACTERISTICS  WHERE 
VISCOUS  EFFECTS  ARE 
NEGLIGIILE 

fiRM  ANALYTICAL  FOUNDATION 
IN  TWO  OlMCNSIONS  NCLUO«NG 
VISCOUS  EFFfCTS  Af  JUlAIS 
EMPIRICISM  TO  ADJUST  TO  TMRf  f 
DIMENSIONS 

• MULTI  ELEMENT  AIRFOIL  ANALYSIS 
METHODS 

• FINITE  DIFFERENCE  OOUNOARV  LAYER 
SOLUTIONS 

• LIFT  ANDPITCHINCMOMENT 
CHARACTERISTICS  WITH 
VISCOUS  EFFECTS  PRIOR  TO 
FLOW  SEPARATION 

• CLEAN  CONFIGURATION 
SKIN  FRICTION 

EMPIRICAL  TECMNlOUCS 
COMtiNING  analytical  TOOLS 
AND  EXPERIMENTAL 
DATA 

• C.  OF  CLEAN  CONFIGURATION 

^MAX 

• C,  INCREMENT  OF  HIGH  LIFT  DEVICES 

^MAX 

• DRAG  OF  HIGH  LIFT  DEVICES 

FULL  RELIANCE  ON 
EXPERIMENTAL  DATA 

• INTERFERENCE  EFFECTS 

• REYNOLDS  NUMKR  EFFECTS 

• MACH  NUMOER  EFFECTS 

• CHARACTERISTICS  OF  HIGH  LIFT  SYSTEMS 
DEPARTING  FROM  EMPIRICAL  DATA  EASE 

Figure  1.  The  analytical  status  of  methods  for  estimating  high-llft 
characteristics,  according  to  Callaghan  [6]. 


Figurt  2.  Turbulei.t  stparttlon  on  t body  of  rtvolutlon.  Body  length 
Reynolds  number  • 130,000;  , • 7",  • 1/2  ft/sec. 


Figure  3.  Seperetlon  end  weke  behind  e circular  cylinder,  (a)  Long  exposure 
time,  showing  the  lerge  migratory  motion  of  the  marked  particles. 


Figurt  3.  (b)  Shorttr  exposure  thOMlng  oloments  of  regularity  In  the  motion. 
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In  view  of  this  background  where  anilyslt  depends  so  strongly  on  experiment  and  empiricism  It  was 
felt  that  It  would  be  a useful  contribution  first  to  review  what  Is  on  a elatlvely  solid  foundation  and 
then  proceed  to  certain  of  the  more  Important  or  Interesting  aspects  of  the  complete  problem. 

2.  THE  SEPARATION  PHENOMENON 

It  seems  In  order  to  define  end  discuss  the  basic  subject  of  the  lecture  serleSi  separation.  Hancock 
In  [3]  grve  a useful  general  lecture  on  the  whole  subject  of  aircraft  stall.  Ha  distinguishes  three  steps 
on  the  way  to  the  stall.  They  are:  (1)  flow  separation,  (2)  flow  breakdown,  and  (3)  the  stall.  There 

may  be  a certain  amount  of  flow  separation  with  only  mild  consequences.  Bubbles  and  small  amounts  of 
tralling-edge  separation  are  examples.  If  the  separation  grows  In  extent  to  the  point  where  the  gross 
character  of  the  flow  changes.  It  Is  flow  breakdown.  Finally  there  Is  the  stall  which  Is  more  of  a property 
of  a complete  airplane  In  flight  than  a fluid  mechanic  phenomenon.  Hancock  defines  It  thus:  “Aircraft 
stall  Is  a limiting  condition  of  normal  flight  when  the  pilot  experiences  a noticeable  change  In  the 
orthodox  handling  characteristics  of  the  aircraft.”  Hence  stall  and  separation  are  not  the  same,  but 
separation  leads  to  and  precedes  stall. 

Figures  2,  3 and  4 are  some  photographs  of  flows  with  separation  taken  In  a water  tow  tank.  The  flow 
Is  made  visible  by  means  of  aluminum  powder  on  the  surface.  Figure  2 shows  a body  of  revolution  at  angle 
of  attack.  The  boundary  layer  was  tripped  to  make  It  turbulent.  Forward  of  the  separation  point  the  flow 
Is  very  regular  right  to  the  surface  and  seems  ettached  to  the  body.  Then  It  suddenly  takes  off,  leaving 
the  body.  According  to  Figure  2 as  well  as  3 and  4,  the  word  separation  Is  a very  apt  name.  Figure  3 
shows  separation  behind  a 2-1/2  Inch  diameter  circular  cylinder.  This  Is  a long  duration  photo  and  the 
edges  of  the  wake  appear  fairly  regular.  But  the  pathllnes  are  highly  i<-regu1er.  Figure  3b  Is  a shorter 
duration  photo  that  catches  an  organized  Irregularity,  a vortex.  In  Figure  3a  this  has  been  averaged  out. 
Figure  4 Is  effectively  a closeup  that  has  been  made  on  a 6-1nch  diameter  cylinder.  The  Reynolds  number 
Is  about  23,000.  Again  separation  Is  vividly  shown  and  the  large  random  motion  of  the  marked  particles  Is 
clearly  Indicated.  A careful  examination  of  the  edges  of  the  main  flow  shows  that  the  edge  of  the 
separation  region  Is  by  no  means  fixed,  for  several  path  lines  go  far  out  Into  what  appears  to  be  the 
unseparated  main  flow. 

Any  separation  of  a flow  that  may  occur  along  any  slowly  curving  surface  Is  caused  by  the  boundary 
layer.  (Probably  separation  at  the  rear  of  a sharp  curvad,  flat  base  can  also  be  attributed  to  the 
boundary  layer,  but  that  question  Is  beyono  the  scope  of  this  lecture.)  Figure  5,  taken  from  [7]  shows 
a set  of  turbulent  boundary- layer  profiles  as  they  approach  separation.  The  flow  Is  one  studied  by  Motes. 
Early,  as  at  Station  11,  the  velocity  profile  Is  full  near  the  wall  and  the  velocity  gradient  at  the  wall 


Figure  5.  Typical  sequence  of  turbulent  boundary-layer  profiles  In  their 
evolution  toward  separation.  (Hoses  Pressure  Distribution  2, 
measured  separation  Is  at  x • 29  Inches)  [7]. 

Is  large.  Then  as  the  flow  proceeds  Into  the  higher  pressure  region  the  boundary  layar  thickens.  Much  of 
the  thickening  Is  just  due  to  continuity  because  the  fluid  In  the  boundary  layer  Is  now  moving  at  a lower 
velocity.  However,  the  slower  parts  near  the  wall  are  slowed  up  relatively  more  than  the  outer.  One 
Important  reason  Is  that  the  fluid  elements  are  giving  up  their  kinetic  energy  In  order  to  enter  the 
higher  pressure  region.  Near  separation,  as  for  the  experimental  profile  at  Station  29,  the  Inner  portion 
has  very  little  velocity  left.  If  the  profiles  were  squared  to  Indicate  their  kinetic  energy,  the  bottom 
part  of  the  profile  at  Station  29  would  have  virtually  none.  Slightly  later  the  adverse  pressure  gradient 
or  the  higher  pressure  Is  too  much  for  the  remaining  kinetic  energy  of  the  boundary  layer,  assisted  by 
shear  forces.  The  bottom  uurtlons  of  the  boundary  layer  can  go  no  further  In  this  uphill  climb  Into 
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a high  pretsurt  rtglon.  Thty  stop.  Than  tht  follOMing  fluid  dolours  tround  thosi  and  sway  from  tho  body 
and  tht  phtnontnon  of  stptrttlon  has  dtvalopad.  Flgurts  2 and  4 cittrly  show  tho  flow  linos  natr  this 
point.  Much  moro  could  bo  said  about  tha  procoss  but  tht  Important  thing  htro  Is  that  tho  olanontal 
process  Is  the  Inability  of  "tired"  fluid  near  tho  wall  to  flow  any  farther  downstrttm  Into  a high  prassure 
region.  These  stagnant  particles  then  divert  tho  following  flow  away  from  tho  wall.  On  straight  and 
slowly  curving  walls  there  is  no  other  process  that  will  cause  separation.  Even  cavitation  bubbles  In 
water  which  we  think  of  as  an  Invlsdd  phenomenon  are  due  to  local  separation.  If  thare  ware  no  local 
separation  thee  could  be  no  vapor  cavity.  Once  separated,  the  flow  becomes  highly  Irregular  as  seen  in 
Figures  2,  3 and  4,  but  velocities  are  low.  Some  qualitative  Indication  of  that  fact  may  be  seen  In 
Figures  2 and  3.  Tha  length  of  the  marked  particle  streaks  Is  proportional  to  the  velocity.  Many  short 
lines  can  be  seen  in  the  wake,  but  In  the  outer  flow  the  few  streaks  that  can  be  Identified  are  several 
times  longer. 

So  far  we  have  been  talking  about  two-dimensional  separation.  Three-dimensional  can  be  far  more 
complicated.  For  Instance,  on  an  Infinite  swept  wing  the  chordwise  component  might  come  to  rest.  But 
there  s a spanwise  component  that  suffers  no  adverse  gradient  and  so  It  flows  with  uniform  velocity. 

Hence  in  this  case  the  separated  flow  moves  spanwise.  The  basic  concepts  are  treated  in  a number  of 
references,  one  being  [1].  Lighthlll  In  [8]  has  a fundamental  discussion  of  the  problem  treated  as 
a problem  In  topography. 

Callaghan  in  [6]  observes  from  a number  of  wind-tunnel  tests  on  airfoils  that  maximum  lift  seems  to 
occur  when  nose  pressures  Just  become  sonic,  which  we  indicate  by  the  coefficient  Ck.  Figure  6 Is 
a summary  of  hU  data  and  Figure  7 shows  one  of  the  tests  that  supplied  the  data.  The  tests  all  showed 
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Figure  6.  Experimentally  measured  leading-edge  minimum  pressure  coefficient 

for  a variety  of  two-dimensional  high-lift  configurations. 
Test  Hach  number  - 0.20. 


that  when  Cp  of  aporoximately  -16  was  reached  the  lift  collapsed  as  shown  by  the  two  halves  of  Figure  7. 
Whether  Cp  corresp  nding  to  the  sonic  value  would  be  developed  at  a different  Hach  number  (e.g.,  H • 0.15) 
is  not  known.  The  observation  offers  a lead  for  estimating  c.^ax  * section.  Just  use  an  inviscid 
transonic  airfoil  calculation  method  and  find  where  the  nose  velocities  first  become  sonic.  The  Ct.  at 
this  condition  is  then  c.max.  nnd  the  entire  problem  is  solved  by  inviscid  calculations.  Garabedian's 
method  can  handle  well  the  Inviscid  problem  for  the  single  airfoil. 

3.  LIMITS  OF  Lin 

Callaghan's  observations  lead  us  into  a more  general  examination  of  the  problem  of  lift  limits.  It 
is  believed  that  his  observations  tie  Into  the  discussion  to  follow,  but  exactly  how  has  not  been 
established.  The  following  discussion  is  based  on  material  contained  in  [S]. 

High  values  of  Cl  cannot  be  maintainef  indefinitely  as  speed  is  increased,  for  soon  surface 
pressures  less  than  absolute  zero  would  be  indicated.  Let  us  look  into  the  problem  briefly,  and  search 
especially  for  the  limits  of  lift  rather  than  of  lift  coefficient.  The  equation  for  lift  is 

(3.1) 


An  alternate  form,  one  that  uses  a different  expression  for  dynamic  pressure  is 

L " J 'Py.CL^ 
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Figure  7.  Experimental  pressure  distribution  on  two-dimensional  wind-tunnel 
model  with  leading-edge  slat  and  tralling-cdge  flap. 

With  . » 1.4,  we  can  rewrite  It  as 

L/p.  • 0.7(H?C^)S  (3.3) 

Since  Cl  Is  known  to  be  a function  of  M.,  the  product  M?Cl  Is  the  quantity  that  Is  of  real  signifi- 
cance, and  so  we  seek  to  make  statements  about  Its  value.  Observe  that  for  a given  value  of  MZCl  the 
lift  Is  now  proportional  to  the  atmospheric  pressure. 

A gas  cannot  be  In  tension.  Hence  the  limiting  suction  pressure  Is  a K«rfect  vacuum  over  the  entire 
upper  surface.  The  limiting  pressure  on 

By  definition,  with  ( » 1.4, 


If  the  flow  Is  assumed  to  be  Isentropic, 


Before  proceeding  to  the  determination  of  lift  limits.  It  Is  Interesting  to  pause  and  consider  the 
limits  of  Cp-values.  As  already  noted.  In  high-llft  testing,  maximum  lift  Is  often  found  to  occur  about 
when  the  highest  local  velocities  reach  a Mach  number  of  1.0.  If  a perfect  vacuum  were  reached,  we  would 
obtain,  according  to  (3.4),  a value  of  MfCp  equal  to  -1.43.  Mayer  [10]  looked  for  the  highest  possible 
negative  Cp-values  In  experiment  by  examing  Hundreds  of  NACA  test  data  points  from  all  sorts  of  tests. 

He  found  the  remarkable  empirical  result  that  the  highest  experimentally  measured  values  corresponded  with 
reasonable  accuracy  to  H^Cp  > -1.  The  velue  corresponds  to  0.7  of  a vacuum  (see  (3.4)).  Figure  8 shows 
the  test  data  he  used  to  support  the  finding.  Note  that  0.7  of  a vacuum  does  not  correspond  to  a constant 
local  Mach  number. 

Since  much  of  our  Interest  Is  In  high-llft  testing,  which  Is  done  at  low  Mach  numbers,  we  convert 
some  of  the  results  from  Figure  8 Into  Cp-form  end  present  them  below. 


the  lower  surface  is  stagnation  pressure. 


p _ p p - p_ 
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(3.4) 


Cp  can  be  written  In  the  form 
,3.5 
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/l  ♦ 0.2M^\ 
\1  ♦ 0.2MV 


(3.5) 


M_ 

0.10 

0.15 

0.20 

0.30 

0.40 

0.50 

cj  (M  . 1) 

-67 

-29.3 

•16.3 

•7 

-3.7 

-2.1 

Cp  (perfect  vacuum) 

•143 

•63.6 

•35.8 

-15.9 

-8.9 

-5.7 

Cp  (0.7  vacuum) 

-100 

-44.5 

-25 

-11.1 

-6.3 

-4.0 

At  low  M«ch  numbtrs,  quit*  hlqh  values  of  Cp  ere  oOtilnable  before  compressibility  becomes  very 
Imoortant,  but  at  higher  Mach  numbers  the  limiting  Cp>va1ues  are  not  very  high.  Note,  however,  that 
^ Mayer's  data  In  Figure  8 do  not  cover  the  lowest  Hacn  numbers;  hence  Its  validity  there  Is  not  truly 

established. 

The  author  knows  of  no  theoretlcvl  explanation  for  Mayer's  0.7-vacuum  correlation.  It  does  not 
correspond  to  a constant  local  Mach  number.  By  the  use  of  (3.5),  It  Is  easily  deduced  that  MfCp  • -1 
corresponds  to  Hip<;*i  ■ 1.43  at  » 0 and  1.55  at  M„  • 0.5. 

Now  consider  the  airfoil  problem.  If  we  hold  H constant  at  one  value  on  the  upper  surface  and 
constant  at  another  value  on  the  lower  surface,  Cp  represents  the  Cl  for  each  surface.  The  total  Cl 
Is  the  difference.  Hence  from  (3.5) 


M^C, 


(3.6) 


where  and  u denote  lower  and  upper  surfaces.  A perfect  vacuum  on  the  upper  surface  corresponds  to 
Pu  ° 0 or  My  • In  that  case,  the  second  term  In  (3.6)  Is  zero.  With  respect  to  atmospheric  pressure, 
the  load  carried  by  the  upper  surface  when  there  Is  a perfect  vacuum  Is  (see  (3.4)) 


M^Cj^  * (J77  ‘ (3.7) 

If  the  entire  flow  on  the  lower  surface  Is  a stagnation  flow,  M^  • 0,  and  hence  with  a vacuum  on  tha 
upper  surface  we  have 
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Equation  (3.8)  represents  the  absolute  lifting  limit.  The  quantity  Increases  with  Mach  number  because 
lower-surface  pressures  can  Increase  with  Mach  number.  Equation  (3.8)  Is  optimistic,  because  Isentropic 
compression  Is  assumed,  whereas  In  reality  there  surely  will  be  a shock  when  Ml.  Table  II  shows 
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vtiuts  of  H^Ci  for  itvtril  flow  condition!.  Including  H«ytr's  MfC|,  • 1 limit.  The  maximum  value 
poiilble  In  suEionIc  flight  1i  2.71,  and  the  contribution  from  each  surface  Is  about  equal.  If  Mayer's 
MfCp  • -1  value  Is  accepted,  the  limit  decreases  to  2.28.  At  M^  • O.S,  the  absolute  maximum  value  Is 
only  1.70  and  Mayer's  value  Is  1.27.  Those  are  the  limiting  values,  regardless  of  the  kind  of  h1gh-11ft 
devices  that  are  used.  At  H.  • 1.0  and  below,  the  assumption  of  Isentropic  recompresslon  on  the  lower 
surface  Is  very  good,  at  Is  wall  known.  As  Hach  numbers  become  large,  pressures  on  the  lower  side  became 
great,  and  large  values  of  M£C|,  develop,  values  that  exceed  11  at  M^  • 2.0.  Mayer  considers  the  case 
where  under-surface  pretsurat  In  supersonic  flight  correspond  to  a normal  shock.  He  gives  considerable 
Information  on  maximum-lift  values  In  supersonic  flight.  Including  correlations  of  theory  and  experiment. 
But  since  our  Interest  Is  principally  In  subsonic  flight,  we  shall  not  discuss  his  work  further. 

3.1  Demonstrated  Lifting  Limits 

It  Is  Interesting  that  the  question  of  aerodynamic  lifting  limits  In  subsonic  flight  was  posed  to  the 
author  In  1946  by  E.  H.  Helnamann.  The  problem  was  fighter  maneuvering  - what  lift  could  a wing  really 
develop? 


Table  II 

Haximum-llft  limits  assuming  Isentropi'  compression, 
and  uniform  chordwise  loading. 

M. 

dipper 

” ^*-upper 

*^lower 

"'tLtot.1 

0.5 

. 

1.43 

0 

0.27 

1.70 

0.5 

1.55 

1.00 

0 

0.27 

1.27 

0.5 

1.5 

0.97 

0 

0.27 

1.24 

1.0 

• 

1.43 

0 

1.28 

2.71 

1.0 

1.86 

1.00 

0 

1.28 

2.28 

1.0 

1.5 

0.69 

0 

1.28 

1.97 

2.0 

• 

1.43 

0 

9.75 

11.18 

2.0 

4.97 

1.00 

0 

9.75 

10.75 

All  the  available  flight  and  wind  tunnel  data  were  examined.  The  examination  Included  the  large  supply  of 
German  World  War  II  data,  which  covered  tests  of  a great  variety  of  airplane  and  missile-type  aings.  The 
results  were  reported  In  [11].  The  study,  which  was  strictly  one  of  observation,  concluded  th.  t the 
maximum  possible  lift  was  about  1/2  atmosphere.  That  number  corresponds  to  a value  for  m2C|,  of  about  0.7. 

Since  tnat  time,  the  design  of  swept  wings  has  advanced  considerably.  Now,  the  highest  value  of 
m<Cl  seen  by  the  author  Is  1.20  on  a swept  wing  using  an  aft-loaded  airfoil  section  with  no  auxiliary 
lift  devices.  The  value  corresponds  to  Cl  • 1.26  at  M^  • 0.97S.  It  was  not  really  a max1mum-11ft  value 
but,  rather,  a stopping  point  In  a wind-tunnel  test  that  was  determined  by  strength  of  the  sting  support. 
Hence  the  value  can  surely  be  exceeded.  It  should  be  pointed  out  that  this  Is  not  a buffet  limit,  which 
is  usually  considerably  lower.  Furthermore,  the  wing  was  not  In  any  high-lift  configuration.  If  one  went 
a11  out  to  maximize  M<Ci_,  without  regard  to  low-lift  performance,  much  better  could  surely  be  done. 
Leading-edge  and  tralling-edge  devices  undoubtedly  would  raise  the  limit.  Variable-camber  wings  are 
currently  receiving  attention  as  another  possible  means  of  raising  the  limit. 

4.  CANONICAL  PRESSURE  DISTRIBUTIONS 

In  almost  all  design  work,  pressure  distributions  are  presented  In  terms  of  Cp  • (p  - p.)/(1/2, u?). 

In  that  kind  of  presentation,  high  negative  values  of  Cp  Invariably  look  bad,  and  one  Is  unable  to  tell 
by  Inspection  much  about  the  margin  of  safety  of  the  boundary  layer  against  separation.  Yet  we  know  from 
basic  scaling  considerations  that  If  two  pressure  distributions  can  be  made  congruent  by  proper  scaling 
In  the  X-  and  Cp-d1 recti ons,  then  the  two  flows  are  identical  except  for  the  Reynolds  number  effect, 
which  Is  weak.  Then  If  separation  occurs.  It  will  be  the  same  scaled  point  for  both  flows.  A particular 
2-1nch  airfoil  model  at  100  mph  will  have  very  high  values  of  velocity  gradients,  but  a similar  200-Inch 

model  at  1 mph  will  have  extremely  low  values.  Yet  the  flows  are  exactly  similar  because  their  Reynolds 

numbers  are  the  same.  It  Is  the  dimensionless  shape  that  counts.  Hence  It  Is  particularly  useful  to 
scale  out  the  magnitude  of  the  velocity  and  also  to  scale  out  the  chord.  Where  separation  Is  Important, 

the  best  scaling  factor  Is  the  velocity  Just  before  deceleration  begins.  Because  all  pressure  distri- 

butions are  put  in  a standard  form.  It  Is  natural  to  call  them  canonical  pressure  distributions  and  use 
a new  variable-  Cp.  A typical  one  Is  Illustrated  In  Figure  9,  which  shows  the  Idea  and  basic  relations. 

The  exact  details  of  the  normalization  may  well  depend  on  the  problem  and  the  nature  of  the  pressure 
distribution.  The  canonical  pressure  distribution,  together  witri  a kcynolds  number,  completely  describes 
the  flow.  A convenient  Reynolds  number  Is  R.  at  the  beginning  of  pressure  rise.  The  left-hand  part  In 
Figure  9 might  represent  the  nose  of  an  airfoil.  Distance  x Is  measured  along  the  surface,  the  origin 
of  X is  a matter  of  convenience.  Often  It  Is  convenient  to  locate  It  at  the  beginning  of  pressure 
rise,  as  In  the  figure.  Separation  may  occur  at  some  point  as  noted. 

In  the  canonical  system,  Cp  • 0 represents  the  start  of  pressure  rise  and  Cp  ‘ '»1  the  maximum 
possible,  that  Is,  ue  ° 0.  There  are  no  negative  values  of  Cp.  Furthermore,  If  two  pressure  distributions 
can  be  made  congruent  by  proper  scaling,  a flow  having  a deceleration  of  (ue^.)2  from  20  to  10  Is  no 
more  and  no  less  likely  to  separate  than  one  decelerating  from  1.5  to  0.75  or  even  from  0.10  to  0.05. 

The  canonical  plot  Is  the  one  that  Is  meaningful  In  separation  analysis.  With  magnitude  effects  scaled 
out,  much  more  can  be  told  by  a simple  Inspection  than  by  a conventional  plot.  We  dwell  on  the  canonical 
pressure  distribution  at  some  length,  because  most  working  aerodynami cists  do  not  realize  Its  value. 

Figures  10  and  11  show  conventional  and  canonical  pressure  plots  for  a typical  high-llft  airfoil.  The 
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bask  characUr  of  tha  four  prtiiura  dlitrtbuttoni  U much  mora  apparant  In  Figura  11.  Figu'a  10  Includas 
a canonical  tcala  at  tha  right,  for  tha  complata  ansa«b1a. 

Tha  ralatlons  batwaan  canonical  and  convantlonal  prattura  dlitrlbutlons  ara  vary  simpla,  but  bacauta 
thara  has  baan  confusion  on  tha  subjact.  It  will  ba  ditcuttad  soawwhat  hara.  Tha  canonical  pratsura 
distribution  It  aaslly  ralatad  to  tha  convantlonal  font,  whara  tha  rafaranca  valocity  and  prattura  ara 
u.  and  p..  Bacauta  tha  tquara  of  tha  valocity  It  navar  nagativa,  It  It  timplar  to  daal  with  valocity 
than  wUh  prattura  coafficiant.  Tha  fundanantal  ralatlon  It  quita  tiinpla.  It  It 
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Wkh  tha  two  dafinitlont  for  prattura  coafficiant  in  Incoaiprastibla  flow 
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we  can  writa  (4.1)  In  tarmt  of  Cp,  fp. 

1 - ■ [I  - tp(*)3I’  - CpjJ 


(4.2) 


The  notion  of  canonical  prastura  distribution  Is  anphatizad,  bacauta  fraquantly  by  Itt  ute  ona  can  collapta 
data  or  make  Intelligent  estlmatas  without  resorting  to  lengthy  boundary-layer  calculations.  At  an  axampla, 
wa  cite  Figure  12  which  was  given  as  Figura  9 In  [12].  Tha  front  of  the  hatched  region  It  tha  front  of  tha 

taparatlon  bubble,  or  In  other  words  tha 
beginning  of  separation.  As  tha  data  stands 
thara  Is  a regularity  to  It  but  no  particular 
law  it  evident.  Tha  author  looked  at  tha 
data  and  observed  that  all  tha  note  prattura 
distributions  had  roughly  tha  tana  shape.  If 
that  Is  to,  than  tha  ratio  of  valocity  at 
taparatlon  to  peak  velocity  should  ba  a 
constant  for  the  set.  Since  the  front  of  the 
bubble  must  be  essentially  tha  laminar 
separation  point,  he  worked  out  tha  ratio 
uiap/Wma*  Tound  a single 

vaTDe  within  tha  accuracy  of  tha  data,  namely 
(utap/«roa*)^  • 0.89  tO.01.  All  tha  variation 
hat  baan  scaled  out  by  means  of  the  ccnonical 
approach.  Furthermore,  a constant  such  as 
tha  above  varies  only  over  a narrow  range 
for  a wide  variety  of  flows.  For  example, 
Howarth’s  flow  up  ' 1 ■*  x,  which  begins 
deceleration  liranad lately  and  so  should 
sustain  a greater  deceleration  ratio  has 
a ratio  (usap/umax)^  * 1"  Figure  8 

of  [13]  ara  shown  a variety  of  laminar  flows 
with  four  kinds  of  forward  flow  and  two  kinds 
of  decelerating  flow.  Unlike  Howarth's  flow 
tha  momentum  thickness  was  finite  at  the 
beginning  of  deceleration.  For  the  entire 
set  •(ujep/umax)^  varied  only  from  0.91  to 
0. 82. _ This  rough  constancy  at  Indicated  by 
tha  Cp  approach  Is  often  useful  In  under- 
standing boundary  layers  and  the  onset  of 
separation. 


After  the  first  few  lengths  of  boundary- layer  flow,  measured  from  the  front  stagnation  point  In  terms 
of  boundary-layer  thickness,  the  laminar  boundary-layer  equations  apply.  They  ara  highly  accurate  - 
because  the  terms  dropped  In  deriving  these  equations  are  quita  negligible.  At  airfoil  chord  Reynolds 
numbers  of  a million  or  more  these  equations  are  potentially  precise  enough  to  give  four  figure  accuracy 
or  more.  If  the  conventional  dimensioned  form  of  the  equations  is  made  dimensionless  by  proper  combinations 
of  terms  we  obtain  an  equation  that  directly  brings  In  Rc  = u*c/ . and  this  ona  univeryl  equation  gives 
solutions  in  terms  of  the  following  quantities  u/u,,  (y/c).Rc>  (v/u.I.S^,  and  cf-Rp  all  for  a given 
relation  between  Cp  and  x/c,  where  x Is  distance  along  the  surface  measured  from  the  forward  stagnation 
point.  No  approximations  have  been  made  in  these  scaling  studies.  Than  the  above  parameters  tell  us  that 
the  boundary  height  changes  as  Rpl/x.  However,  a laminar  layer  is  always  so  thin  that  it  virtually  does 
not  change  the  effective  shape  of  the  airfoil. 

Of  more  Importance  to  us  is  the  Cf,Rp  relation,  where  cf  is  the  local  skin  friction  coefficient. 

If  for  a given  Cp,  x/c  pressure  distribution  relation  we  find  Cf  * 0 at  ona  Reynolds  number  it  will  be 
zero  at  any  Reynolds  number  so  long  as  the  flow  stays  laminar.  We  have  tha  Important  fact  that  for  a given 
dimensionless  pressure  distribution  the  laminar  separation  point  Is  unaffected  bv  Reynolds  number.  Hence  if 
a iVminar  separation  bubble  exists,  its  front  should  not  change  with  Reynolds  number. The  only  reason 
there  might  be  some  change  is  that  the  flow  within  tha  bubble  does  change  with  Reynolds  number  and  then 
it  has  a very  weak  upstream  Influence. 
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Figure  12.  Pressure  distribution  near  tha  leading  edge 
of  an  NACA  63009  section,  showing  the  region 
in  which  a bubble  exists. 


S.  LAMINAR  SEPARATION 


Ai  m«nt1ont(l  it  tht  tnd  of  Stctlon  4 tht  prmurt  rUi  that  a laminar  boundary  layar  can  toltrata  Is 
very  small.  A useful  formula  that  often  can  replace  solution  of  the  full  partial  differential  equations 
is  Stratford's  separation  formula  for  laminar  flows,  that  can  be  found  In  [8].  Tne  relation  Is 


0.0104 


(5.1) 


In  Stratford's  analysis  he  assumes  a flat  plate  laminar  boundary  layer  from  the  flow  origin  x > 0 to 
a point  xg  where  the  pressure  starts  to  rise.  When  the  L.H.  side  of  (5.1)  rises  to  the  value  0.0104 
separation  Is  said  to  occur.  Cp  Is  the  canonical  pressure  coefficient  at  discussed  earlier.  Note  that 
this  formula  for  locating  separation  Is  In  agreement  with  our  earlier  and  more  fundamental  statements 
about  the  Invariance  of  a laminar  separation  with  Reynolds  number.  (5.1)  does  not  have  a Reynolds  number 
In  the  expression.  Later  we  will  give  a similar  formula  for  turbulent  seoaratlon.  That  hind  of  flow 
shows  a weak  Reynolds  number  effect.  There  Reynolds  number  enters  as  r1/i0. 

Reference  9 presents  charts  for  turbulent  flow  showing  the  location  of  separation  for  retarded  flows 
whose  equations  are: 


Cp  = 0 * . »o 

Cp  • («  - xo)"*.  » _ «o 


(5.2) 


where  m Is  an  exponent,  usually  In  the  range  1/4  to  4.  More  will  be  said  about  them  In  Section  6. 
Similar  charts  should  be  worked  out  for  laminar  flows,  for  the  charts  for  turbulent  flows  have  been  found 
very  useful,  ''he  laminar  case  Is  of  Interest  when  leading-edge  bubbles  and  separation  are  likely  to 
occur.  Because  of  the  analytic  nature  of  (5.2)  It  Is  very  easy  to  Introduce  It  Into  (5.1).  With  xn  as 
the  start  of  pressure  rise,  one  useful  form  of  the  equation  Is  to  present  the  relation  In  terms  of  tp  at 
separation.  The  alternate  form  of  course  Is  one  In  terms  of  x at  separation.  By  some  simple  algebra  we 
obtain 


0.0104 


(5.3) 


sep 


For  assigned  values  of  xp  and  m It  Is  not  difficult  to  find  Cp^.p.  A limiting  case  Is  when  there  Is 
no  forward  flat  plate  run,  I.e.,  xp  > 0.  With  m • 1.0  we  somewhat  approximate  Howarth's  flow.  According 
to  (5.3)  for  this  case  (usep/umax)^  * Ih  Section  4,  the  value  for  Howarth's  flow  was  given  as  0.77. 

Of  course  the  two  flows  are  not  really  the  same.  Howarth's  Is  u/ug  • 1 - x or  (ue/uo)‘  • 1 - 2x  ♦ x?. 
while  the  present  Is  (uc/uo)<  « 1 - x.  By  wey  of  comparison,  If  the  flow  were  turbulent,  (u 
would  be  about  0.3,  see  Mgure  19.  This  comparison  again  emphasizes  the  well-known  fact  that 
boundary  layers  can  endure  only  weak  pressure  rises  compared  with  the  turbulent. 
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6.  TURBULENT  SEPARATION 


The  subject  of  this  section  Is  the  features,  possibilities  and  limitations  of  turbulent  flow  up  to 
separation.  Justice  can  be  done  to  this  problem,  but  turbulent  flows  beyond  are  a different  matter.  We 
begin  by  reviewing  the  accuracy  with  which  separation  points  In  a purely  rear  separation  type  flow  can  be 
predicted. 

6.1  Accuracy  of  Predicting  Separation  Points 

Because  this  question  Is  so  vital  to  many  aerodynamic  design  problems,  the  accuracy  of  four  leading 
methods  was  studied  rc'.ently  In  [14]  for  the  case  of  turbulent  flows,  which  Is  the  one  of  Interest.  All 
the  flows  considered  1'ivolved  simple  rear  separation.  Laminar  bubble  or  laminar  leading-edge  separations 
were  not  considered.  Four  leading  methods  were  examined:  those  of  (1)  Goldschmied,  (2)  Stratford, 

(3)  Head,  and  (4)  Cebecl-Smith.  Four  cases  representative  of  the  fairly  laroe  number  examined  In  [14]  are 
shown  In  Figures  13,  14,  15,  and  16.  Separation  points  (solid  black  symbols)  were  carefully  measured. 

The  predicted  separation  points  are  marked  on  the  pressure-distribution  curves,  which  were  supplied  by  the 
experiments.  For  the  flow  of  Figure  13,  Goldschmied's  method  failed  to  predict  separation.  The  fourth 
case,  which  Is  shown  In  Figure  16,  consists  of  measurements  and  predictions  on  one  airfoil  at  five  different 
angles  of  attack.  Separation  points  were  not  measured  In  that  case,  but  Inspection  of  the  pressure- 
distribution  curves  clearly  shows  that  separation  existed  In  all  cases.  Goldschmied's  method  was  erratic. 
The  other  three  were  In  reasonable  agreement,  both  In  what  Is  shown  here  and  In  the  complete  study  [14]. 
Stratford's  method  tended  to  predict  separation  slightly  early.  The  Cebecl-Smith  method  appeared  best, 
with  the  Head  method  a strong  second. 

Hence,  the  Cebecl-Smith  method  has  been  chosen  as  the  basic  method,  although  much  use  Is  made  of 
Stratford's  method  and  Ideas  In  this  paper,  mainly  because  of  their  great  convenience.  Figure  17  summarizes 
the  prediction  accuracy  of  the  Cebecl-Smith  method.  The  data  consist  of  the  results  from  [14]  together 
with  other,  unpublished  studies.  One  should  not  conclude  from  Figure  17  that  the  general  accuracy  of 
turbulent-boundary-layer  calculation  1$  as  good  as  It  appears  to  be.  Near  separation,  the  accuracy  of 
many  of  the  boundary- layer  quantities,  such  as  the  momentum  thickness  e and  the  velocity  profile, 
becomes  poor.  Nevertheless,  accuracy  of  predicting  the  location  of  separation  remains  good.  The  Cebecl- 
Smith  method  predicts  separation  to  be  at  the  point  where  Cf,  the  local  skin-friction  coefficient 
equals  zero. 
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Figur*  13.  A eonptrlton  of  predicted  and  experimental  separation  points 
for  Schubauar's  elliptic  cylinder. 
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Figure  14.  Comparison  with  experiment  of  predicted 
separation  points  for  the  airfoll-llke 
body  of  Schubauer  and  Klebanoff. 


Figure  16.  Predicted  separation  points 
for  the  experimental  pressure 
distribution  on  the 
NACA  66,2-420  airfoil. 


Figure  15.  Comparison  with  experiment  of  predicted 
separation  points  for  Neuman's  airfoil. 
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Figurt  17.  Accuracy  of  prtdicting  turOultnt  toparotlon  points  by  tha  Ctbocl •Smith  mothod. 

In  vltw  of  those  results,  the  method  of  predicting  separation  appears  to  be  accurate  enough.  In  an 
engineering  sense,  to  be  used  In  determining  relations,  limits,  and  the  like.  It  should  be  noted  that  the 
Cebecl-Smith  method  can  handle  with  great  accuracy  the  effects  of  Reynolds  number  or  Hach  number  up  to  5 
or  more.  Also,  It  Is  the  only  one  of  the  four  methods  that  can  analyie  the  cate  of  axItyeRietrlc  boundary* 
layer  flow. 

6.2  The  Pressure  Rise  that  Turbulent  Boundary  Layers  can  Stand  without  Separation 

Having  Just  shown  you  that  we  can  reliably  predict  turbulent  separation,  let  us  put  the  method  to  use 
and  explore  what  pressure  rites  can  be  endured  by  a turbulent  boundary  layer  before  It  separates.  A useful 
way  It  to  work  out  charts  covering  a systematic  family  of  flows.  Two  such  plots  are  given  In  Figures  18 
and  19.  The  flows  are  the  same  at  discussed  briefly  In  Section  S,  that  Is,  they  consist  of  a length  of 
constant-velocity  flow  followed  by  a pressure  rise  described  by  the  equation 


The  unit  Reynolds  number  Is  10^  per  foot  In  Figure  18  and  10^  per  foot  In  Figure  19.  Pressure  rise  Is  set 
to  start  at  x • 0,  but  forward  of  that  point  are  various  lengths  of  flat-plate  flow.  It  teemed  more 
convenient  to  construct  the  plots  In  terms  of  feet  end  u,/<  rather  than  In  terms  of  Reynolds  nueber, 
although  conversion  Into  Reynolds  number  Is  easy.  The  total  region  of  pressure  rise  Is  seen  to  be  1 foot. 
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Figure  18.  Separation  loci  for  a family  of  canonical  pressure  distributions.  Point  spacing 
used  In  the  boundary-layer  calculations  for  the  one-foot  rooftop  run  Is  noted. 
Values  In  parentheses  under  origins  of  flow  are  values  of  Re  at  x « 0. 


Figure  19.  Stpiratlon  loci  for  « fwHy  of  cinonicti  prosturt  dittrlbutlons. 

Loft<’'‘s  critorlon  Tp  • 0.88  1$  noted. 

Four  lengths  of  flet-plete  run  were  studied;  1/64  foot,  1/16  foot,  1/4  foot,  end  1 foot.  The  Initlel 
flows  then  developed  boundery  leyers  of  verlous  thickness  et  the  beginning  of  pressure  rise,  es  Indiceted 
by  velues  of  R..  in  the  figures.  The  flet-plete  flow  Is  essueied  to  be  entirely  turbulent.  If  It  were 
mixed  lemlner  end  turbulent,  velues  of  R...  et  x • 0 would  be  less  end  different. 

Calculetlons  of  the  flet-plete  end  • x”*  perts  of  the  flow  were  then  nede  by  the  Cebecl-Smlth 
method  until  separation  was  reached.  Lines  cutting  ecrost  the  ?p  • x"-curves  mark  separation  points  for 
the  four  lengths  of  flat-plate  runs.  The  straight-line  or  concave  pressure  rises  permit  the  greets.* 
recovery  before  separation  occurs.  Also,  the  curvet  show  that  the  amount  of  recovery  Is  sensitive  to  the 
length  of  flat-plate  run  before  the  beginning  of  recovery.  The  separation  loci,  while  Indeed  functions 
of  the  length  of  flat-plate  run,  are  more  fundamentally  functions  of  the  boundary- layer  thickness,  that 
Is,  R , at  the  beginning  of  pressure  rise.  Hence,  the  separetlon  loci  could  Just  at  well  be  Identified 
by  the  noted  values  of  R..  at  the  beginning  of  pressure  rite.  Then  Figures  18  and  19  become  applicable 
for  any  combination  of  rising  pressure  and  transition.  For  any  arbitrary  forward  flow,  one  would  then 
calculate  R..  at  x « 0 and  Interpolate  between  the  loci  as  a function  of  R^.  In  brief,  we  are  saying 
that  any  flow  that  develops  one  of  the  set  of  values  of  Ro  and  that  has  the  same  aft  flow  will  have  the 
same  separation  point  as  that  of  a forward  flow  developed  by  en  equivalent  run  of  flet  plate.  The 

equivalence  Is  not  rigorous,  because  a separation  point  Is  a function  not  only  of  Initial  Re  but  also 

of  the  shape  of  the  profile  as  described  by  H.  8ut  Rx  Is  the  dominant  parameter,  and,  considering 

the  accuracy  of  turbulent  boundary-layer  calculations.  It  Is  the  only  one  that  need  by  considered  here. 

These  comments  point  out  the  fact  that  extensive  laminar  flow  In  the  forward  part  helps  to  delay 
separation  considerably,  because  It  reduces  R«.  Furthermore,  boundary- layer  suction  forward  of  the 
pressure  rise  would  delay  separation.  Another  fact  that  Is  surprising  Is  that  If  the  pressure  rise  Is 
not  too  great.  It  may  be  extremely  steep;  In  fact,  dCp/dx  may  be  nearly  Infinite,  ((kilng  to  the  use 
of  finite  steps,  the  slope  of  Zp  Is  never  quice  Infinite  In  the  Cebecl-Smith  method.  If  It  were, 
a constant  In  the  partial  differential  equation  would  be  Infinite  and  the  method  would  fall.)  In  the 
next  section,  we  see  that  the  Infinite  rate  of  pressure  rise  Is  confirmed  by  Stratford's  equations,  which 
he  derived  by  an  analytical  approach. 

Loftin  and  von  Doenhoff  [15]  studied  a large  number  of  thin  airfoils  and  arrived  at  a separation 
criterion  that  In  our  terms  1$  Lp  ■ 0.88.  It  Is  plotted  In  Figure  19.  A thin  airfoil  at  angle  of  attack 
has  an  effective  forward  flow  about  the  same  as  that  of  the  x • 1/64-foot  distance,  and  the  pressure-rise 

region  Is  approximated  by  the  m • 1/3  or  m • 1/2  curve.  Hence,  we  see  that  Loftin's  criterion  Is 

rather  closely  predicted  by  the  charts.  But  w.  also  see  that  It  Is  far  from  universal. 

The  set  of  charts  provides  an  "eyeball"  method  for  estimating  separation  points.  We  shall  Illustrate 
by  considering  Figure  15.  Try  to  relate  that  flow  to  one  of  the  canonical  plots.  If  the  pressure 
distribution  of  Figure  15  Is  replotted  In  u|/u2,  or  canonical  form,  the  rear  flow  Is  approximately  like 
the  xV3  flew  and  the  front  flow  Is  effectively  quite  short.  Transition  was  measured  at  x • 1.169  feet. 
Hence  the  logical  equivalent  flat-plate  length  Is  0.015625  foot.  Which  chert  should  be  used?  Probably 

Figure  19.  To  use  the  figures,  convert  the  chord  of  the  airfoil  to  1 foot.  Oecause  It  Is  so  small,  there 

Is  no  need  to  be  concerned  about  the  0.015625  forward  part.  In  order  to  hold  Reynolds  number  at  3.3  x 10^ 
with  the  reduced  chord,  we  need  to  Increase  u./v  to  3.3  x 106/ft.  But  the  charts  are  In  terms  of  Up/v. 

Now  from  Figure  15,  uq/u.,  « 2.1.  Hence,  u /v  • 3.3  x IQh  corresponds  to  Un/u  • 7 x 10^.  Then 

Figure  19  seems  to  be  the  better  of  the  two  to  use.  Of  course.  Interpolation  between  the  two  Is  possible. 
From  Floure  19  for  m > 1/3,  we  find  that  separation  occurs  at  (ue/uo)*  * 0.17  or  ue/up  • 0.41.  In 
Figure  15,  (ue/u„)niex  *2.1.  Hence  separation  should  occur  at  about  0.41  x 2.1  • 0.87,  a ratio  that  Is 

satisfactorily  close  to  the  measured  separation  point.  More  care  In  the  anelysls  probably  would  Incroasa 

the  accuracy.  For  Instance,  a careful  calculation  of  R«  at  x • 0 by  Truckenbrodt's  method  would  be 
better  than  a guess.  Also,  the  exponent  In  the  pressure-rise  region  could  be  detenelnad  more  accurately 
by  the  use  of  log  graph  paper. 
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Ttw  canonicil  plots  contain  nidi  uioful  Inforsiatlon.  For  Initanca,  If  load  Is  baing  carrlad  by  an 
airfoil  In  crulta.  tbo  protsuro  riso  at  tba  trailing  adga  Is  not  groat.  If  It  corroiponds  to  Cp  ■ 0.4, 
any  n-curva  will  sustain  tho  protsuro  rito,  and  tharofora  sultabla  airfoils  with  all  kinds  of  prattura 
distributions  can  ba  siada.  Out  If  ona  It  striving  for  all  tho  lift  ho  can  gat.  tha  praitura-rlta  curva 
for  m • 1/4  or  1/3  It  tho  bast,  bocauta  that  givat  tha  groatast  ratio  and  tha  highast  naan  vtlua  of 
7p  along  tha  uppar  sui faco. 


Rafaranca  16  givat  two  charts  for  a diffarant  ftnilv  of  protsuro  distributions;  thay  art  arcs  of 
circlat.  Rasultt  art  not  significantly  diffarant  fron  thota  of  tho  7p  • x*  fanlly.  In  closing  this 
taction,  wa  ranark  that  bocauta  of  tho  analytical  nature  of  our  canonical  protsuro  distributions  Cp  « x**. 


It  It  vary  aaty  to  apply  Stratford's  criterion.  That  hat  bean  dona.  If  Stratford's  predictions  had  boon 
addtd  to  tha  plots  of  Figurt  18  and  19,  tha  dlffarencat  In  saparatlon  loci  would  appaar  contidartbla.  Still 


they  ara  to  snail  that  uto  of  tha  charts  and  tho  findings  Is  not  nogatad.  Addition  of  Stratford-typa  loci 
would  only  causa  confusion.  Tharofora,  wa  show  only  ona  typo  of  calculation,  tha  Cabac1*Sn1th,  which  In 
ganarti  Is  ballavad  to  bo  tho  nost  accurate.  Furthamora,  It  should  ba  noted  that  Figures  18  and  19  differ 
fron  thair  aarllar  form  In  [16].  Tho  naln  raaton  It  that  hare  wa  used  the  analytic  nature  of  tha  Cp  • x"* 
flows  to  conputa  certain  nacattary  darlvatlvas.  In  tha  earlier  work,  flnlta-dlffartnca  fomulis  ware  used. 
Dliagraanents  such  at  thota  Just  Indicate  tha  state  of  tha  art  of  turbulant-flow  calculation. 

6.3  Uniting  Prasiuro  Recovery  Distribution 

Tha  Cp  • xn  fanlllas  ara  vary  useful  for  almost  all  practical  flow  problems,  but  of  course  tho 
shapes  of  the  Cp(x)  curves  ara  arbitrary;  the  shapes  art  salactad  as  a matter  of  analytical  convanlanca. 
Just  as  In  many  other  problems,  there  Is  ona  shape  that  Is  "bast,"  Stratford's  solution.  Wa  do  not  mean 
to  Imply  that  tha  solution  Is  exact,  but  at  It  Indicated  by  Figures  13  through  16,  It  has  acceptable 
accuracy.  Stratford  has  derived  a formula.  [17],  for  predicting  tha  po*nt  of  separation  In  an  arbitrary 
decelerating  turbulent  flow: 

Cp\/x(dCp/dxj 

, 'r/ifi  * 5 (6.2) 

(10-6r)V'0 

where  If  dVdx^  >0  S • 0.39 


d^p/dx^ 


Cp  < 4/7. 


Tha  flows  examlnad  by  Stratford  consist  first  of  a f1at>p1ate  flow.  Just  as  with  tha  Cp  • x"  flows. 

Hence,  x Is  distance  measured  from  the  leading  adga  of  tha  plate,  and  R • upx/j.  If  the  flows  begin  tha 
pressure  rise  at  a point  xp  such  that  Cp  • (x  - Xp)",  the  left-hand  side  of  (6.2)  starts  from  a zero 
v&'ue,  provided  that  m > 1/3.  Tha  laft-nand  side  then  grows.  When  It  reaches  tha  limiting  value  of  S, 
separation  Is  said  to  occur.  Tha  study  of  [14]  showed  tha  constants  to  ba  slightly  different,  but  hare, 
for  our  purposes,  we  accept  Stratford's  values.  See  [17]  for  further  details. 

If  S Is  held  at  Its  limiting  value  of  0.39  for  ^ 0,  (6.2)  amounts  to  an  ordinary 

differential  equation  for  Cp(x).  It  Is  evident  from  (6.2)  that  the  equation  describes  a flow  that  Is 
everywhere  ready  to  separate.  Stratford  presents  the  following  solutions: 


[(x/xo)  + b]’/2 


In  that  two-part  solution,  Xp  Is  tha  start  of  pressure  rise,  Rp  • UpXp/v  and  x Is  the  distance 
measured  from  the  very  start  of  tha  flow,  which  begins  as  flat-plate,  turbulent  flow.  The  number  n Is 
a constant  that  Stratford  finds  to  ba  about  6.  The  quantities  a and  b are  arbitrary  constants  usad  In 
matching  values  and  slopes  In  the  two  equations  at  the  Joining  point,  Cp  • (n  - 2)/(n  +1).  Of  course, 
(6.3a)  describes  the  beginning  of  tha  flow,  and  (6.3b)  the  final  part.  The  flow  Is  an  equilibrium  flow 
that  always  has  the  same  margin.  If  any,  against  separation. 


Two  families  of  such  flows  hava  been  computed;  they  are  shown  1r.  Figure  20.  They  correspond  to  the 
same  set  of  conditions  that  were  used  In  tha  Cp  ■ x"*  flows.  As  has  already  bean  mentioned,  they  represent 
true  limiting  flows  - the  slightest  Increase  In  adverse  gradient  anywhere  should  cause  separation.  The 
curves  assume  the  length  of  flap-plate  runs  Indicated,  but  Just  as  for  tha  Cp  • x"*  families,  what  Is  of 
more  fundamental  significance  Is  the  boundary- layer  thickness  at  the  beginning  of  pressure  rise.  Hence, 


true  limiting  flows  - the  slightest  Increase  In  adverse  gradient  anywhere  should  cause  separation.  The 
curves  assume  the  length  of  flap-plate  runs  Indicated,  but  Just  as  for  tha  Cp  • x"*  families,  what  Is  of 
more  fundamental  significance  Is  the  boundary- layer  thickness  at  the  beginning  of  pressure  rise.  Hence, 
a table  of  Initial  values  of  Rg  Is  Included.  With  the  aid  of  those  R^-values,  the  curves  could  be 
applied  to  arbitrary  forward  pressure  distributions  having  mixed  lamlnar/turbulent  flow. 

Within  the  accuracy  of  the  theory,  which  tests  have  proved  to  be  correct  and  somewhat  conservative, 
those  curves  show  the  fastest  possible  pressure  rise  that  can  be  obtained  from  a natural  boundary  layer. 
Also,  when  compared  with  Cebecl-Smith  predictions,  the  theory  appears  conservative.  Figure  20,  together 
with  (6.3),  exhibits  the  following  features; 

1.  The  Initial  slope  dCp/dx  Is  Infinite,  so  that  small  pressure  rises  can  be  made  In  distances 
from  very  short  to  zero. 
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'.tfdtfor'J  'initino  «t  V.'O  o'  or.i’.  'tyrdds  nu'.C';'". 
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2.  !:  '5  e«;>  to  Shov.  tnat  Cj,  < <r.  tne  early  stAoe'. . 

;.  Tre  doniriant  varfable  it  >//q  [see  ’6.3/].  Hence,  •■.nen  is  s^all  'l.e..  the  COondar,  layer 

is  tr.in),  cressure  recoveries  may  Le  very  rapid,  '.■.nen  tne  initial  run  -s  lon'j  and  tie  Poundary 
layer  is  tnick.  the  allov;atle  averaqe  pressure  jradiert  is  '"ucn  .ess.  Or  conversely,  tnick 
boundary  layers  are  mucn  more  likel<  to  Separate  tnan  thin. 

•J.  The  uhlt  Reynolds  number  effect  is  rather  '..mall  see  figure  3Cj. 

Tr.eoretically,  100  percent  of  the  dynamic  restore  car  be  recovered,  but  the  ei'  tarce  reou'red  *s 
Infinite. 

P'iide  from  error  in  the  theory,  the  curves  c‘  iin^re  jf  are  tre  ■.’'vrtest  oos  ir.le  ■.'•sssjre 
recoveries  - they  are  tne  end  of  t«e  line.'  liotning  ..etter  sa'  pe  done  e»cept  POuroar. -layer 
control. 

f.  Tno  ';»ratford  pressure  dl'-tr'bution  'S  the  patn  of  least  'c  stan.t  conrect''';  t.vc  pre'sure 
points  A and  3.  See  [5]. 

A Stratford  flow  has  a continuous  marqin  of  safety  oven  its  entire  lennth  .-.■ith  respect  to  separat'on, 
wiii. ther  at  the  beginning  of  pressure  rise  or  far,  far  downstrean.  The  -ir-ir,  c*'  safety  can  be  adjusted  by 
changing  the  constant  S 1n  (C.2).  Lu.  (E.3b)  shn-a  that  an  infinite  fl'‘starce  is  re'iuired  to  bring  a flow 
in  tne  boundary  layer  to  complete  rest. 

7.  PETNOLOS  NUMBER  EFFECTS 

In  one  sense  Reynolds  number  effects  are  minor,  lie  have  already  seen  that  there  are  no  Reynolds 
number  effects  on  the  position  of  separation  within  a laminar  boundary  layer,  and  this  is  a fundamental 
result.  For  turbulent  flows.  Figures  IB  and  19  show  rather  small  shifts  in  separation  when  the  Reynolds 
nunber  is  changed  by  a factor  of  ten. 

In  Section  6.3  we  presented  Stratford's  turbulent  separation  formula,  (6.2).  Unlike  the  laminar 
separation  formula  (5.1),  which  does  no*  bring  In  Reynolds  number  at  all,  the  turbulent  does,  but  only  to 
P to  the  one-tenth  power.  This  means  that  a change  In  Reynolds  numbers  by  factors  of  10  and  100  change 
r1/io  only  by  factors  of  1.26  and  l.Sb,  respectively.  Normally,  then,  when  (6.2)  is  solved  to  find  the 
separation  point  there  will  be  only  a slight  shift  of  position  with  Reynolds  number. 

If  the  basic  boundary  layers  have  low  sepaiation  sensitivity  to  Reynolds  number  why  do  airfoil 
characteristics  often  change  considerably  with  Reynolds  number?  The  answer,  basically,  1s  transition. 

As  already  seen,  turbulent  and  laminar  boundary  layers  have  widely  different  separation  propensities. 
Perhaps  at  low  Reynolds  numbers,  as  on  a wind-tunnel  model,  laminar  separation  occurs  near  the  leading 
edge.  But  at  flight  conditions  the  scale  Is  so  great  that  transition  occurs  forward  of  the  laminar 

separation  point.  Then  the  adverse  pressure  gradient  Is  negotiated  by  a turbulent  boundary  layer,  which 

may  have  enough  vigor  to  avoid  separation.  If  so  the  stall  characteristics  may  be  drastically  changed. 

A convenient  method  for  estimating  the  location  of  transition  Is  Michel's  transition  criterion. 

Michel  plotted  available  transition  data  In  the  form  R<.»^  vs  Rxtr-  The  transition  points  established 

a fairly  well  defined  cur  *.  If  we  plot  the  evolution  of  R.,  vs  Rx  for  some  particular  airfoil,  we 


M« 


find  that  Re  itarts  out  btlow  tht  Michol  corroUtlon  curvt.  But  lattr  ii  w«  procttd  downttroam  In  tarma 
of  Rxi  Re  crosits  tha  lint.  Tht  croiiovtr  point  It  said  to  ba  tht  point  of  transition.  According  to 
[18]  an  Interpolation  fomula  defining  Michel's  curve  Is 

Rejr  ■ 1-174  R°'^  0.1  X 10«  i 40  X 10®  (7.1) 

Tha  growth  of  Re  needed  In  (7.1)  can  conveniently  and  accurately  be  calculated  by  means  of  Thwalte's 
formula  which  ca'i  be  written  In  the  following  form 


u^c 

where  Rr  • — 


0.45Rj 
K7“->1  0 


dx/c 


(7.2) 


This  pair  of  equations  makes  It  rether  easy  to  test  for  the  likelihood  of  transition.  Of  course,  a pressure 
distribution  for  the  nose  portions  of  the  airfoil  must  be  available  If  (7.2)  Is  to  be  evaluated.  Also,  It 
should  be  noted  that  (7.1)  Is  applicable  only  to  unswept  airfoils;  on  swept  wings  a 1ead1ng>edge  Instability 
may  develop.  Furthermore,  If  the  surface  is  not  hydraulically  smooth  transition  may  occur  forward  of  the 
predicted  point. 


This  leads  us  into  the  next  comment.  Figures  16  and  19  together  did  not  show  a strong  effect  of 
Reynolds  number.  But  they  do  show  a considerable  sensitivity  to  the  length  of  Initial  flat  plate  run. 

Now  the  extent  of  laminar  flow  determines  the  effective  flat  plate  run.  At  uq/u  ■ 10^  at  In  Figure  19, 

If  the  flow  for  the  one-foot  run  were  all  laminar  the  equivalent  turbulent  flat-plate  run  would  be  only 
about  0.13  ft.  Hence,  separation  Is  sensitive  to  Reynolds  number  In  an  Indirect  way  because  Reynolds 
number  affects  the  proportions  of  laminar  and  turbulent  flow.  Bubble  bursting  of  course  It  Reynolds  number 
sensitive. 


Because  most  papers  are  readily  available,  there  Is  no  reason  to  spend  much  time  reviewing  the 
considerable  literature  on  the  subject.  Instead  we  shall  stop  with  occasionally  pointing  out  a useful 
article  In  some  aspect  of  our  concern  One  It  an  article  bv  Thain  [19]  which  bears  on  the  problem  of  this 
section.  The  paper  reviews  a laroe  amount  of  data.  It  Includes  not  only  a review  of  the  possible 
separation  processes  but  especially  a large  aax>unt  of  data  on  the  effect  of  Reynolds  number  and  Mach 
number  on  maximum  lift  at  low  speeds.  Hit  Figure  3 Is  reproduced  here  as  Figure  21  because  of  Its  Interest. 

It  Is  typical  of  the  kinds  of  correlation 


attempted  In  connection  with  trying  to 
analyze  the  various  flow  regimes.  Tht 
correlation  Is  made  on  certain  geometrical 
properties  of  the  airfoils.  Gault  did  this 
a long  time  ago.  Now  that  we  can  readily 
calculate  velocities  for  any  geometry, 
correlations  should  be  made  on  velocities. 

The  ultimate  determinant  of  the  flow  behavior 
Is  the  boundary  layer.  Tht  boundary  layer 
equations  demand  U|,  x Input  data,  not 
geometry.  Up  to  the  point  of  Initial 
separation  the  left  and  right  hand  extremes 
of  Figure  21  can  now  be  handled  analytically. 
The  middle  portions  remain  the  problem. 

Wimpress  of  Boeing  [3]  states  that  for 
CLmax  estimates  on  new  designs  they  depend 
on  wind  tunnel  tests.  Then  based  on  a wealth 
of  past  experience  these  values  are  ratlod 
up  by  a factor  that  mainly  depends  on  wing 
loading  of  the  airplane. 

8.  MACH  NUMBER  EFFECTS 

This  section  presents  a few  special 
comments  on  Mach  number  effects.  Section  2 
contained  some,  of  course,  1n  Figure  6 as  well 
as  Section  3.  But  what  can  be  said  about 
boundary  layers  directly?  First,  consider 
laminar  flows.  One  transfonwd  form  of  the 


full  laminar  boundary-layer  equation  1$ 
(3.1.9)  of  [20].  It  Is  here  repeated. 


Figure  21.  Effect  of  Reynolds  number  on  the  stalling 
characteristics  of  clean  aerofoil  sections 
as  a function  of  aerofoil  geometry, 
according  to  Thain  and  Gault  [19]. 

f-(Cf")’  + p(^-f^)*Nff».x(f|f 


1 


(8.1) 


where 


C = 


mass  density 


P = 


u.  dx 


u P ♦ 1 

N . -y- 


f = dimensionless  stream  function 

lie  consider  only  two-dimensional  flow.  This  eouatlun  Is  a weak  function  of  Mach  number.  Its  boundary 
conditions  do  not  change  with  Mach  number.  They  are  y - 0,  f , f ’ = 0.  y = ■ , f ' = 1 . Next  consider  C. 
Determine  by  Boyles'  law  and  by  ti.e  common  formula  tO’^6.  Then 

_ ^/PT  T°-7^ 
e e ■ 

e 

But  pressure  is  constant  across  the  boundar.'  layer.  Therefore, 

, :.:4 
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..hen  this  is  solved  tor  iug/ugiT  tne  ariv'jrse  velocity  'iradients  are  found  to  be  considerably  reduced. 

In  fact,  for  Cp  ' l.C,  tue/uo)^  is  O.lh,  a considerable  distance  from  stagnation,  'f  tiie  flow  is 
b'ou'jht  to  con.plete  rest,  Cp  re  - ' es  a value  uf  l.ifc. 

Tne  dlterridte  treatment  Is  to  at  1 (ue/up'^  ’ x"*  Independent  of  Mach  number.  One  case  has  been 
studied  and  the  result  is  shown  in  Fi'iure  i4,  taken  fron’  [3].  Differences  between  Mp  ' 0 and  1.0  art- 
si'dll.  Again  as  with  the  laminar  case  this  is  to  be  expected  from  examination  of  tiie  governing  momentum 
Bgiiation.  Like  the  laminar,  Mach  number  only  mildly  changes  Its  constants.  Figures  2i.’,  23  and  24  were 
run  earlier  by  a less  accurate  computational  method  and  results  do  not  agree  precisely  with  those  of 
Figures  18  and  19.  Normally  Figures  18  and  19  should  be  used. 


Figure  22.  Separetlon  loci  for  « family  of  canonical  pressure  distributions,  uq/^  * 10^,  Hg  • 1.0. 
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Figure  23.  Separation  loci  for  a far  11  y of  canonical  pressure  distributions.  Ug/v  • 10^,  Mg  • 1.0. 

Reference  1 contains  an  extension  of  Stratford's  turbulent  separation  criterion  to  compressible  flows, 
made  by  Gadd.  The  author  has  not  personally  tried  to  assess  Its  accuracy.  But  It  is  worthy  of  considera- 
tion, particularly  because  of  Its  analytic  simplicity.  Wooten  [22]  has  a useful  paper  on  the  effect  of 
compressibility  on  maximum  lift  of  airfoils.  It  Is  a comprehensive  survey  of  the  subject,  but  entirely 
of  a descriptive  nature.  It  Is  useful  In  both  showing  the  state  of  the  art  of  the  maximum  lift  problem 
and  the  complexities  of  the  subject. 

9.  SHAPE  EFFECTS 

Because  this  lecture  Is  not  concerned  with  design  particularly.  It  Is  assumed  that  shapes  are  given. 
Nevertheless  It  Is  felt  that  this  lecture  would  not  be  complete  without  mentioning  something  about  the 
Importance  of  shape.  As  far  as  possible,  the  nose  of  the  airfoil  should  cleave  cleanly  Into  the  flow. 

That  Is,  for  high  lift  Is  should  have  calmer  or  flaps,  which  amount  to  the  same  thing.  Figure  25  shows 
the  effectiveness  of  flaps  In  reducing  pressure  peaks  and  adverse  gradients. 
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Figure  24.  Separation  loci  for  a family  of  canonical  pressure  distributions.  The 
dotted  curve  for  the  one-foot  rooftop  run  Is  the  separation  locus  for 
1 - u|/Ug  • x"  when  M • 1.0.  uq/.  • 10“/ft,  Mg  « 0 except  as  noted. 


Figure  25.  The  effectiveness  of  flaps  In  reducing  pressure  peaks. 


Thin  leading  edges  are  another  cause  of  high  pressure  peaks.  To  illustrate  we  will  consider  the 
ellipse  family  with  circulation  sufficient  to  fix  the  rear  stagnation  point  on  the  end  of  the  major  axis. 
The  values  of  peak  velocity  for  ■ = 10*  are  shown  below. 


Peak  Nose  Velocities  on  Ellipses  with  Circulation 
u = 10' 


Thickness 


Percent 

2 

4 

6 

9 

12 

15 

18 

c 

1.113 

1.135 

1.157 

1.189 

1.222 

1.255 

1.287 

17.74 

9.09 

6.22 

4.34 

3.43 

2.90 

2.56 

The  necessary  formulas  were  taken  from  [23]. 


Silts  irt  in  tfftctivt  mm  of  roducing  nost  proiturt  pttit*- 
nose  velocities  squired  from  10.04  to  ibout  3.3. 


Figure  26  shows  that  i slat  reduced 


Shaping  In  general  Is  advantageous.  Discontinuities  can  be  causes  of  early  separation.  Figure  27 
shows  how  two  kinds  of  flap  treatmnt  cause  undesirable  bumps  In  a pressure  distribution.  Reference  9 was 
greatly  concerned  with  Che  shaping  process.  For  more  details  consuU  It. 


Figure  26.  A typical  pressure  distribution  for  an  airfoil  with  and  without  slat.  Note  drastic 
change  on  upper  surface  pressure  distribution  caused  by  slat,  a > 13.15*  c,  • 1.45 
for  two>e1ement  airfoil.  ‘ 


Figure  27.  Comparison  of  two  kinds  of  flaps  on  a NACA  63A010  airfoil.  For  the  plain  flap  a ■ 0* 

and  Inviscid  C(  • 1.78.  The  airfoil  with  variable  camber  flap  was  set  at  a • 1.06°  - 
In  order  to  obtain  the  same  e^.  Separation  points  are  marked  by  arrows.  Rc  • 10'.  j 
Transition  Is  at  suction  peak.  > 


LECTURE  2 SEVERAL  SPECIAL  TOPICS 


10.  STALL  PROCESSES  OR  AIRFOILS 

A ftw  ytirt  bick  Arvtl  Gantry  and  Uayna  Ollvar  of  iny  group  complatad  a two  yaar  contract  for  tha 
Offica  of  Naval  Raiaarch,  Tha  subjact  was  transonic  manauvarlng.  Bacausa  of  tha  applicability  and 
timallnass  of  much  of  tha  natarlal.  wa  Intand  to  quota  from  It  at  soma  length.  The  study  is  tha  latest 
broad  survey  of  tha  problem  that  tha  author  knows  of.  Tha  work  Is  In  two  volumes  given  here  as  [24]  and 
[2S].  Its  general  purpose  was  to  assess  tha  state  of  tha  art  of  analysis  of  this  problem  and  Implamant 
methods  by  computer  If  they  ware  available  but  not  presently  progrannad.  Rafaranca  24  contains  124 
rafarencas  on  tha  subject. 

Before  getting  Into  tha  subject  of  stall  processes  on  airfoils,  It  Is  useful  to  get  the  complete 
picture  of  the  aerodynamics  and  dynamics  of  transonic  maneuvering  and  buffeting.  Figure  28  summarlaas  It. 
This  figure  should  be  studied  carefully.  It  graphically  brings  out  tha  tremendous  variety  of  problems  and 
affects  that  must  be  considarad  In  tha  complete  stall  and  buffet  problem.  Tha  figure  moreover  neglects 
tha  elastic  and  Inertial  aspects  of  an  airplane.  Two  different  size  airplanes  with  different  weights  and 
rigidities  but  with  Identical  force  and  moment  coefficients  are  likely  to  have  considerably  different 
stalling  and  buffeting  characteristics. 


J 


Figure  28.  Aspects  of  transonic  maneuvering  aerodynamics. 

Me  shall  now  review  some  of  the  general  stall  and  separation  characteristics  of  airfoils.  In  Lecture  I 
we  stopped  with  predicting  the  start  of  separation.  Now  we  consider  the  problem  after  separation  has 
started.  Figure  29  shows  the  experimentally  observed  evolution  of  the  two  primary  classes  of  separation 
at  low  speed.  One  class  Is  leading-edge  separation  due  to  the  flow  being  laminar  at  the  separation  point. 

In  the  upper  left  Illustrations,  the  white  portion  adjacent  to  the  airfoil  Is  the  separated  region.  The 
cross  hatched  portion  generally  depicts  the  boundary  layer.  A typcial  evolution  for  thin  airfoils  begins 
with  I.  There  Is  no  separation  and  a typical  pressure  distribution  Is  shown  by  I on  the  right  as  well 
as  0 which  represents  a flow  at  still  lower  -a.  Then,  as  angle  of  attack  Is  Increased,  a small  bubble  In 
II  forms  near  the  nose.  It  turns  turbulent  at  the  rear  so  that  the  flow  reattaches  and  the  bubble  ends. 

It  may  be  only  1%-chord  long.  The  accompanying  pressure  distribution  shows  a small  flat  spot.  At  higher 
angles  the  bubble  may  lengthen  as  In  III,  with  an  accompanying  larger  flat  spot  In  the  pressure  ll 

distrlb'itlon.  Finally,  the  bubble  may  stretch  clear  back  to  the  trailing  edge  as  In  IV. 

Now  look  at  the  middle  part  of  the  figure,  dealing  with  tra111ng-edge  separation.  This  type  occurs  on 
thicker  or  more  highly  cambered  airfoils.  There  Is  no  leading-edge  separation  and  the  turbulent  boundary- 
layer  separates  because  It  simply  cannot  make  the  grade  at  the  rear.  In  this  sequence  I Is  unseparated, 
as  Is  0 In  the  pressure  distribution.  Number  II  has  a small  amount  of  separation.  It  Is  evidenced  by 
the  leveling  off  of  the  pressure  distribution  at  the  rear.  Numbers  III  and  IV  show  Increasing  amounts  of 
separation  and  their  characteristic  pressure  distributions. 


The  bottom  of  the  figure  shows  chirecterlstic  C|.  vs  i curvet.  As  to  be  expected  from  the  process, 
trilling  edge  septratlon  produces  e well-rounded  peek,  The  short  bubble  thet  bursts  usuelly  leads  to 
a sharp  stall.  The  long  bubble  brlnos  on  a gradual  distortion  of  the  effective  airfoil  shape  and 
Introduces  early  rounding  over  the  lift  curve. 

Figure  30  Is  a continuation  of  the  process  Into  high  speeds.  Figures  30A  and  6 are  enlarged 
Illustrations  of  two  states  that  were  shown  In  Figure  29.  They  could  be  at  either  high  or  low  speed  so 
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Figure  2^.  Low  speed  flow  separation 
characteristics. 
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Figure  30.  Flow  separation  characteristics  at 
transonic  speeds. 


long  as  shocks  had  not  developed.  In  30C  a weak  shocx  has  developed.  It  has  caused  a separation  bubble 
but  not  complete  separation.  As  the  Hach  number  gets  higher  the  shock  moves  back  and  becomes  stronger. 

-iso  towards  the  rear  the  boundary  layer  Is  thicker  and  more  ready  to  separate.  Then  full  separation  may 
set  in  as  shown.  Other  combinations  can  occur  and  two  possibilities  are  Illustrated  In  Figures  30L  and  30F. 


Figure  31  Is  an  elaboration  of  the  shock  growth  and  rearward  movement  process  Illustrated  In 
‘igure  30  C and  0.  The  shock  gets  stronger.  It  moves  back  and  the  Induced  separation  bubble  grows  until 
Finally  the  end  of  It  Is  located  past  the  trailing  edge. 


Figure  32  shows  still  more  variations  on  the  process,  and  these  are  ones  that  should  lead  to  buffeting. 


Figures  33  and  34  give  still  more  Information  on  the  processes  and  possibilities.  Figure  33  shovis 
typical  angle  of  attack  effects  at  constant  Mach  number  and  Figure  34  typical  Mach  number  effects  at 
constant 


xith  regard  to  the  fluid  mechanics  of  laminar  bubbles  and  their  bursting  Caster's  careful  Investi- 
gations and  criteria  [26]  are  probably  the  best.  Horton  [27]  however,  has  a very  useful  seml-empirical 
method  for  predicting  the  length  of  a bubble  and  whether  It  might  burst.  It  Is  Interesting  that  If 
a theoretical  shock  Is  smeared  out  slightly  (over  about  4 ) the  Cebecl-Smith  method  can  predict  separation 
or  the  lack  of  separation. 

11.  CALCULATION  OF  FLOWS  WITH  SEPARATION 


In  this  section  we  will  give  a few  comments  on  the  problem  and  the  embryonic  methods.  It  Is  by  no 
means  a complete  survey.  In  Inviscid  flow,  the  flow  Is  normally  assumed  to  follow  the  boundary  so  that 
calculations  with  relative  ease  become  possible.  A boundary  layer  Is  a thin  layer  In  which  pressures  are 
Impressed  by  the  main  flow.  But  when  separation  occurs,  the  flow  neither  follows  the  body  nor  Is  the 
separated  region  thin.  Hence,  pressures  are  not  Just  Impressed  upon  the  separated  region.  This  region 


then  becones  tn  tquel  pertnir  with  the  Min  flow  In  determining  preituret.  However,  In  Mny  cetes 
velocities  In  t sepereted  region  ire  low,  end  while  vltcoilty  hes  Indeed  ciuted  the  seperitlon.  It  My 
not  enter  Importantly  after  the  event. 

Klaus  Jacob  has  probably  the  most  successful  Mthod  of  accounting  for  separation  [28]  [29].  He 
assumes  that  the  separated  flow  can  be  simulated  by  a purely  Inviscid  flow.  Figure  35  Illustrates  his 

approach.  A separation  on  the  flap  Is  assumed  to  begin  at  S and  the  line  SU  Is  the  edge  of  the 

separated  region.  The  separated  region  Is  simulated  by  blowing  which  starts  at  S at  sketched.  The 
basic  conditions  that  must  be  satisfied  In  the  solution  are; 

1.  The  flow  must  follow  the  airfoil  surface  except  downstream  of  S. 

2.  Blowing  is  such  as  to  make  velocities  at  S,  W end  L equal.  Velocities  at  S and  W are 

Mde  equal  because  SU  Is  approximately  a free  streamline.  Velocities  at  U and  L are  made 

equal  to  approximate  the  Kutta  condition. 

3.  The  separation  point  S Is  found  by  boundary- layer  calculations. 


Figure  31.  Successive  stages  In  the  developMnt  of  the  separation  bubble  for 
a prescribed  variation  of  p^. 
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Figure  32.  Forms  of  high-speed  flow  separation. 
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Figure  33.  High-speed  flow  seperetlon  with 
j Increasing  and  Hach  number 
constant.  Rearward  growth  of 
bubble,  followed  by  leading-edge 
separation  at  hign  ,. 


Figure  34.  High-speed  flow  separation  with  Mach 
number  Increasing  and  .>  constant. 
Rearward  growth  of  bubble,  with 
continued  aft  movement  of  shock 
toward  trailing  edge. 


Figure  35.  A potential  flow  model  for  separated  flow  on  multi-element  airfoils.  ! 


In  essence  one  starts  the  calculation  with  unseparated  flow.  This  gives  a pressure  distribution  from  which 
boundary-layer  calculations  can  first  be  made  to  find  an  Initial  separation  point,  S.  Then  with  blowing 
beginning  at  this  point,  a new  Inviscid  calculation  Is  made,  and  the  process  Iterated.  Various  potential 
flow  methods  can  be  used,  of  course. 

Figure  36  shows  one  of  Jacob's  results.  CLmax  It  pre<t1ctcd  and  there  Is  definitely  a peak  In  Its 
value.  At  Rc  ■ 2.7  x 10°  agreement  with  test  Is  good.  Reynolds  number  effects  come  In  through  the 
boundary- layer  calculations.  The  method  now  only  handles  tralling-edge  separation.  It  Is  being  studied 
at  Douglas.  Sometimes  this  excellent  success  Is  found,  other  times  not,  but  success  Is  good  enough  to 
justify  further  effort. 


1. 1-1 


Tht  stnw  basic  philosophy  can  bt 
followed  by  other  approaches.  It  Is 
theoretically  posslbla  to  solve  the  problem 
of  Flqure  3b  as  a mixed  boundary  value 
problem,  that  Is  given  the  shape  everywhere 
but  along  SL;  and  starting  at  S given 
the  pressure,  find  the  line  SW.  That,  In 
fact,  has  been  done  for  special  airfoils  by 
Lang  and  Fabula  [30],  [31 j.  In  connactlon 
with  torpedo  guidance  they  studied  the 
concept  of  blowing  some  of  the  exhaust  gas 
out  one  side  or  the  other  of  the  stabilizing 
fins  as  a means  of  replacing  movable  elevators 
and  rudder.  The  ga;  bubble  formed  on  the 
side  effectively  changed  the  airfoil  shape 
and  hence  the  lift.  A mixed  boundary  value 
problem  was  solved,  several  water  tunnel 
tests  were  run  and  the  agreement  between 
test  and  theory  was  In  general  very  good. 

In  this  problem,  of  course,  the  deadwater 
region  Is  filled  with  a gas  whose  density 
Is  far  less  than  that  of  the  ambient  fluid. 
These  encouraging  results  certainly  Justify 
further  efforts  along  the  lines  of  approxi- 
mating a separated  deadwater  region  by  an 
Inviscid  flow.  After  all,  on  an  airfoil 
viscosity  causes  circulation,  but  we  do 
very  successful  analysis  by  neglecting  It. 

There  are  other  possibilities, 
y.llneberg  and  Steger  [32]  have  Judiciously 
combined  finite-difference  methods  for  the 
transonic  Inviscid  flow  equation  and  Integral 
methods  for  the  boundary-layer  part  and 
produced  good  results  for  separation  at 
the  rear  of  a biconvex  airfoil.  Just  at 
the  time  of  this  writing  the  author  received 
Reference  33,  which  claims  to  have  good  success  with  calculating  separated  flow  In  a diffuser. 

12.  BUFFET 

Because  of  coverage  elsewhere  In  this  series,  the  author  will  do  no  more  than  make  some  reference  to 
the  work  In  [24].  This  report  contains  a figure  that  suemarlzes  and  vividly  shows  the  complexity  of  the 
transonic  maneuvering  and  buffeting  problem.  Buffeting  and  maneuvering  of  course  are  Inseparable,  because 
as  extreme  conditions  are  reached  buffeting  Is  part  of  the  motion.  The  data  apply  to  the  F-4  fighter  and 
were  taken  In  connection  with  study  of  leading-edge  devices  to  Improve  transonic  maneuvering  and  buffeting. 
The  figure  Is  reproduced  here  as  Figure  37.  Along  the  edge  are  listed  and  Illustrated  some  of  the  factors 
that  help  determine  the  final  motion.  The  complete  airplane  problem.  Indeed,  Is  complicated.  The  center 
rectangle  shows  flight  recorder  data.  If  one  reads  the  scales  he  sees  that  the  pilot  had  quite  a ride. 

Reference  [24]  gave  a good  deal  of  attention  to  Thomas's  theory  of  buffet  onset  [34]  [35].  In  Thomas 
original  theory  he  stated  that  buffet  would  commence  when  separation  at  the  rear  of  the  airfoil  moved 
forward  to  the  shock,  at  which  time  the  flow  would  get  unsteady  and  buffet  develop.  The  theory  Is 
interesting  because  as  Mach  number  Increases,  separation  If  any,  will  likely  move  forward  and  the  shock 
will  move  back.  Later  in  [35]  Thomas  suggested  that  buffet  would  occur  when  separation  moved  forward  to 
the  BO^.-chord  line.  This  criterion  seems  little  different  from  that  which  goes  bad  to  Pearcey,  where 
he  suggested  that  In  wind-tunnel  tests  buffet  would  begin  when  there  was  a break  In  tralllng-edge  pressures 
as  a function  of  angle  of  attack.  Thomas'  first  method  was  evaluated  In  [24].  On  conventional  airfoils 
It  was  found  to  predict  very  well  but  on  aft-loaded  airfoils  the  predictions  were  poor.  The  theory 
nevertheless  Is  attractive,  because  when  the  shock  wave  and  separation  are  nearly  coincident  a situation 
favoring  unsteadiness  exists.  Other  buffet  prediction  methods  have  nothing  about  tham  that  Is  directly 
related  to  unsteadiness.  Pearcey's  method  which  observes  a break  In  pressures  at  the  trailing  edga  Is 
successful  only  because  a separated  flow  always  seems  to  have  unsteadiness. 

A very  good  paper  on  the  state  of  the  art  of  buffet  theory  and  testing  has  recently  been  published 
by  Mabey  [36].  It  covers  test  techniques,  dynemics,  aerodynamics  and  even  describes  a buffet  rating 
system.  Figure  38  from  [24]  Is  a useful  summary  of  the  considerable  variety  of  methods  for  detecting 
buffet  onset  from  either  wind  tunnel  or  flight  test. 

13.  THREE-DIMENSIONAL  EFFECTS 

Since  a picture  Is  supposed  to  be  worth  a thousand  words  we  shall  start  out  by  showing  a good  sat 
of  photos  of  tuft  and  oil  flow  patterns  on  an  attack  wing  having  a rather  conventional  peaky  section. 

Figures  39  through  44  show  the  series.  The  flow  Is  symmetrical  so  that  we  see  the  same  flow  marked  by 
two  different  methods.  At  low  angles  of  attack  not  much  Is  teen  except  the  expected  outboard  flow  near 
the  trailing  edge.  At  8.8°  angle  of  attack  a shock  can  easily  be  seen  outboard  near  30X  chord,  end  of 
course  the  spanwise  flow  Is  Increased.  The  oil  and  talc  were  emitted  through  small  orifices  In  the  note 
of  the  airfoil.  The  oil  flow  and  tufts  were  fluorescent  and  mada  visibla  by  ultraviolet  light. 


lie  • 100 

104 

ec*ir  io« 

oc  • tr 

Oc  • iO 

I0« 

nt  • 04 

104 

Fiqure  36.  Calculations  made  by  Jacob  [78]  of 
Cl  vs  , for  the  NACA  2412  airfoil 
at  several  Reynolds  numbers. 
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Figure  37.  Fectors  Influencing  transonic  stability 
F-4  flight-test  data. 
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Figure  38.  Methods  of  buffet/flow  separation  detection. 

In  Figure  42  the  shock  Is  even  more  strongly  evident.  It  Is  clearly  shown  b/  the  tufts  as  well, 
which  suddenly  turn  at  right  angles.  At  i ’ i2.6‘*  the  tufts  show  that  some  separation  has  developed  and 
this  and  the  final  photo  show  very  wild  oil  flow  patterns.  They  Indicate  the  tremendous  complexity  of 
a true  three-dimensional  boundary-layer  flow. 


At  the  present  time  so  long  as  all  velocities  are  subsonic  the  entire  potential  flow  for  shapes  like 
this  or  worse  can  be  calculated  very  well  up  to  the  first  separation,  for  example,  the  Douglas-Neumann 
Program.  Work  Is  actively  under  way  to  analyze  such  wing  shapes  at  transonic  speeds  but  because  of  the 


Figure  40.  An  itteck  wing  with  convtntlonti  elrfoll  section.  H,  • 0.76,  u 


Figure  42.  An  attack  wing  with  conventional  airfoil  section.  • 0.78, 


10.1",  Cl  • 0.71. 


Figure  43.  An  attack  wing  with  conventional  airfoil  section.  ■ 0.78, 


12.6*,  Cl  • 0.79. 


nature  of  the  transonic  equations  they  require  sonie  kind  of  finite-difference  method.  This  Is  much  slower 
and  whetner  It  can  handle  a complicated  shape  with  the  necessary  combination  of  precision  and  computing 
time  remains  to  be  determined.  The  boundary- layer  aspect  Is  In  about  the  same  state,  at  least  for  the 
more  complicated  flows.  But  for  floivs  like  those  Just  shown  at  the  lower  angles  of  attack  good  turbulent 
boundary-',  ycr  methous  are  limlnent.  Computation  tlsw  does  not  appear  to  be  a problem.  Cut  at  higher 
angles  of  attack  where  we  wish  to  know  separation  patterns  and  where  we  wish  to  predict  the  oil  flow 
swirls,  practical  calculation  methods  would  seem  to  be  at  least  five  years  away. 

Ihe  literature  and  detail  knowledge  on  three-dimensional  wing  flow  Is  very  large  and  generally 
available.  Therefore,  we  shall  only  mention  a few  documents  that  help  lead  one  Into  the  subject.  The 
first  Is  by  Kuchemann  [12],  which  still  stands  an  an  accurate  exposition  of  the  Involved  flow  processes 
that  nay  occur  on  a swept  wing.  Another,  by  Foster  [37]  brings  the  subject  up  to  date. 

Three  very  useful  U.S.  documents  on  the  subject  of  three-dimensional  swept  wing  aerodynamics  are 
[3B],  [39]  and  [40].  The  first  Is  a comprehensive  review  of  a very  wide  variety  of  data  Including  fuselage 
and  tall  effects,  all  at  good  Reynolds  numbers.  It  Is  a 149  page  report.  The  second  Is  a more  recent 
report  that  1s  especially  concerned  with  stall  characteristics.  The  third  Is  unusual,  for  it  reports  on 
a systematic  series  of  eleven  wings  at  Mach  numbers  from  0.23  to  0.94.  The  models  were  all  Instrumented 
to  measure  wing-root  bending  moments  and  hence  buffeting.  Axial  force  was  found  to  provide  the  best 
conventional  indication  of  buffet  onset.  This  report,  tno.  Is  large.  It  contains  265  pages,  much  of  It 
tabulated  data. 
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It  Is  Inportant  to  estiroto  otcijratc’v  tFf  stall  <rted  of  a rctiern  hlnt-sneed  transport  Since 
take-orf  and  land'ni’  perforr'ance.  nM'-t  has  a lar'-t  ’>pact  on  the  eirplane’s  econcric  success,  Is  based 
on  this  parareter. 

’’he  rre-fli'-ht  estlrates  for  the  Boeinn  747  vcre  based  or,  wind  tunnel  data  obtained  at  a Reynolds 
of  apprpx1"-ately  1 rllllon.  These  test  results  were  adjusted  to  full  scale  flinht  values  using 
correlation  factors  c'eveloped  from  other  Coeino  'ransport  airplanes.  As  an  Independent  check,  high  lift 
data  v/ere  obtained  in  a presstirlzed  wind  tunnel  or  to  a Reynolds  number  of  7.5  million  and  extrapolated 
to  the  full  scale  value  rf  4C  rdlllcn. 

Flinht  results  show  that  the  correlr. tier,  factors  were  moderately  successful  In  predicting  stall 
speeds.  However,  extrapclatlng  the  iressurc  tunnel  data  to  full  scale  Fevnolds  numbers  predicted  the 
flight  value  of  raxinur  lift  cpefficient  vlth  reasonable  accuracy. 

The  empirical  approach  talen  to  predict  the  747  stall  speeds  does  not  lead  to  any  fundarental 
understanding  of  the  physics  o'  the  stall.  Therefore,  a further  analysis  was  undertaken  that  showed 
that  the  inclusion  of  aeroelastic  and  airplane  dynamics  In  a stall  analysis  car  explain  gulte  well  the 
demonstrated  flight  test  speeds,  and  in  partlculfr  the  gross  weight  effect  on  the  stall  lift  coefficient. 

The  wind  tunnel  data  at  all  Reynolds  numbers  predicted  satisfactory  handling  characteristics 
throughout  the  stall  that  were  confirmed  during  flight  testing. 
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1.  INTRODUCTION 

Modem  Jet  transport  airplanes  normally  fly  at  speeds  eell  separated  from  their  Iom  speed  stalls. 
There  Is  no  need  for  them  to  perform  extreme  maneuvers  at  low  or  moderate  speeds  or  at  high  altitudes 
that  might  force  them  near  their  maximum  lift  coefficient.  Only  during  take-off  and  landing,  where  the 
lowest  possible  speed  Is  desired,  does  the  stall  become  a matter  of  concern  In  the  design.  In  these  two 
critical  phases  of  flight,  the  operational  speeds  must  be  such  that  adcguate  margin  exists  for  atmospher- 
ic turbulence  and  piloting  tolerance  and  that  sufficient  lift  Is  available  for  necessary  maneuvering. 

The  magnitudes  of  these  margins  have  been  established  through  many  years  of  experience  and  are  defined, 
with  but  minor  variations,  by  the  various  certificating  agencies  throughout  the  world,  both  military  and 
civil.  Usually,  the  operational  speeds  for  take-off  and  landing  are  defined  In  tern;  of  thestall 
speed  of  the  airplane  In  the  same  configuration. 

These  operational  speeds  In  turn  define  the  useable  take-off  and  landing  field  lengths  of  the  air- 
plane. The  useable  field  lengths  have  a large  Impact  on  the  economic  usefulness  of  the  transport,  so 
much  effort  Is  exerted  In  making  the  operational  speeds  as  low  as  possible.  Thus,  there  Is  a desire  to 
make  the  stall  speed  low  and  also  to  predict  It  accurately  early  In  the  design  stages  when  the  Initial 
sales  guarantees  are  being  made.  The  Initial  predictions  will  be  made  several  years  before  the  airplane 
files,  and  even  the  detail  predictions  for  the  final  production  configuration  will  be  made  some  two 
years  before  the  airplane  is  certified. 

The  Importance  of  making  the  stall  speed  prediction  accurately  Is  demonstrated  by  considering  the 
case  where  the  airplane  is  designed  to  land  with  a full  payload  In  exactly  the  field  length  available 
at  its  destination.  In  this  case,  an  error  of  only  S percent  in  rredict'nr  the  stall  speed  will  result 
In  a 3G  percent  loss  ir  payload  capability  and  an  even  more  dramatic  SC  percent  loss  In  the  potential 
profit  available  to  the  operator  on  this  particular  mission. 

The  Initial  estimate  of  the  stall  speed  of  the  747  was  made  early  In  196f  during  negotiations  with 
Pan  American  l.'orld  Airvays,  the  original  buyer.  These  predictions  were  steadily  refined  during  the 
deslon  development  of  the  airplane.  Cevelopnent  o*  the  low  speed  configuration  Involved  some  4000 
hours  of  wind  tunnel  testinn  ever  a period  of  "’■1/2  years.  Many  different  configurations  were  con- 
sidered, but  this  paper  will  discuss  only  the  final  configuration  selected  for  production  and  the 
methods  used  to  predict  and  analyze  the  full  scale  performance. 

The  methods  used  to  predict  the  full  scale  fHnht  performance,  startinm  from  the  wind  tunnel  data 
of  the  final  configuration,  were  not  particularly  elegant  from  the  standpoint  of  theoretical  aerodynamics. 
They  involved  no  detailed  analysis  of  the  boundary  layer  or  effect  of  Reynolds  number  on  the  varlout  high- 
lift  coihponents.  The  approach  used  was  ore  of  practical  etipiierrirg,  limited  In  scope  by  the  usual 
restrictions  of  tire,  people,  and  money.  At  the  time  the  747  was  being  developed,  Doeing  had  already 
built  ard  tested  a series  cf  Jet  transport  having  sweptback  wings,  different  engine  installations,  and 
largely  varying  gross  weights.  This  experlerce  provided  a great  bank  of  flight  data  that  could  be 
correlated  with  the  correspording  wind  tunnel  data  as  a function  of  configuration,  center  of  gravity 
position,  and  wing  loading.  These  correlations  served  as  the  primary  bridge  between  the  wind  tunnel  data 
and  the  predicted  full  scale  perfomar.ee  of  the  747. 

However,  the  747  bad  a leading  edge  flap  that  was  markedly  different  from  those  on  other  Boeing 
airplanes,  and  therefore,  ft  was  felt  necessary  to  evaluate  the  effects  of  Reynolds  number  on  these 
leading- edge  flaps.  High  Reynolds  number  tests  were  made  that  extended  the  wind  tunnel  oota  from  a 
Reynolds  furber  of  approximately  1 million  up  to  7.5  rlllfcn,  based  on  the  wing  mean  aerodynamic  chord. 

The  flloht  test  results  shown  In  this  paper  arc  those  obtained  during  the  Federal  Aviation  Agency 
(FAA)  certification  of  the  747.  A toUl  of  (Z(  Instrumented  stalls  were  conducted  to  get  stall  speed 
data  at  all  flap  settings  and  gross  weights  and  to  completely  evaluate  the  handling  characteristics 
during  the  stall  maneuver.  A remote  sensor  of  static  pressure  trailing  behind  the  airplane  was  used 
for  all  air  speed  measurements.  Accelerometers  and  rate  and  position  gyros  were  used  to  establish  the 
airplane  motions,  and  a calibrated  fuselage-mounted  vane  was  used  fur  neasunlng  angle  of  attack. 

Subsenuent  to  the  747  flight  tests  an  analysis  »/as  undertaken  to  determine  If  some  of  the  anomalies 
Inherent  In  the  prediction  versus  test  results  correlation  could  be  explained  In  a rational  manner.  The 
aoproach  taken  was  to  start  from  the  sane  low  Reynolds  number  wind  tunnel  data  used  In  the  prediction 
"t:thod  and  apply  corrections  for  Reynolds  number,  Mach  runber,  aeroelastic  deflections  and  stall  maneuver 
dynamics.  The  results  from  this  analysis  process  were  then  compared  with  the  flight  test  results. 

2.  CESCRIPTIOK  OF  THE  7«7  HIGH  LIFT  SYSTEM 

A diagram  of  the  747  high  lift  system  Is  shown  In  Figure  1.  The  wing  has  an  aspect  ratio  of  7 and 
Is  swept  back  37-1/2  degrees  el  the  ouarter  chord.  Both  leading-edge  and  tralllnr-edoe  high  lift  devices 
are  used.  The  leading-edge  devices  cover  the  entire  span  of  the  wing  except  for  a snail  region  next  to 
the  tody.  Inboard  of  the  Inboard  nacelle  Is  a flat  Krueger  flap  with  a rounded  nose  similar  to  that  used 
on  the  707.  Between  the  nacelles,  ind  outboard  of  the  outboard  nacelle,  the  Krueger  flap  Is  more  sophis- 
ticated. As  the  flap  Is  extended,  a mechanical  linkage  bends  the  skin  to  form  a continuous  curve  through- 
out Its  length.  Also,  the  flap  moves  far  enough  forward  to  create  a slot  between  It  and  the  wing  leading 
edge.  This  Installation  was  the  first  time  such  a curved,  slotted,  Krueger  flap  had  been  used  on  a 
Boeing  airplane. 
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The  trflIHno-edne  fldps  extend  frori  the  body  to  approxlnately  70  percent  of  the  sp*n.  The  flap  Is 
divided  into  two  najor  conporents  separated  to  allow  clearances  for  the  Jet  eflux  of  the  inboard  enpine. 
This  spau*  on  the  trailinr  edqe  is  used  for  the  inboard  hiqh-speed  aileron.  The  trailino-ednc. syster'  is 
triple-slotted,  sitrilar  to  that  used  on  the  7P7  and  7T7.  but  tailored  to  the  lonn-ran<ie  rission  of  the 
’d?.  fir  talic-ofr,  tiir  ‘'liin  «ettinn.  as  measured  by  the  anole  of  the  mld-sennent,  varies  tetwcen  10  and 
po  deorees,  dependim  on  take-off  weioht.  The  r«tlon  includes  a qreat  deal  of  Towler  action  before  much 
annular  deflection  recurs.  Tor  landino.  the  flap  is  extended  to  its  full  37  depree  deflection.*  The 
various  settinns  v.cre  selmted  after  consideration  of  both  the  lift  and  drao,  and  the  correspondinn  effects 
on  field  lennth  per fot iar.ee.  post-taie-off  cllrt.  and  oo-around  after  a refused  landinp. 

Purirn  the  desi'T  of  the  747  flan  syster^.  it  was  reenoni.’cd  that  flap  system  desiqn  would  he  suh.icct 
to  sore  aeroelastic  deflections,  partlcularlv  on  the  leadinn  edoc  devices  which  are  basically  flexible 
'ihornlass  ranels.  The  flaps  were  drstnned  so  that  under  load  they  conformed  to  the  annles  and  shapes 
definec'  dnrino  the  v/inU  tunnel  develniipvnt  of  the  747. 

TiiT  ffSK  TIV:[L  W-T4 

Toe  t.isic  Icw-sneed  wind  tunnel  data  i;ere  nttained  in  the  University  ct  V.’ashinnton  Aeronautical 
labrratrtv  v'rd  t /rnel.  uhich  has  an  f.'ct  bv  1,''  font  closed  test  section  vented  to  the  atrcsnherc.  'he 
shi'i.i  Il'urf  7,  uas  an  .04  scale  replica  of  the  747  havim  a wine  span  of  approxirately  P.  feet. 
This  '“ortcl  Uuilici'ted  carnrull/  ,11  the  flap  supports  and  falrinns  as  well  as  all  the  contours,  naps,  and 
slots  that  c-ist  ni  the  rrodnetirn  airplane. 

'hr  v.'oo  ns  ,,'sr  u.isted  to  sinulafe  the  rtrcclastic  deflections  encountered  durinp  flipM.  Particu- 
lar rare  v.;'  'alcn.  sinre  our  c'xrrrience  has  shovr.  that  nary  o‘  the  (llscreparcio'  tetween  v.ind  tunnel  and 
fH''H.  often  t f,n  srale  efffftr,  arc  1r  fait  caused  by  an  ifiadcnuate  rerresentation  c*'  the  details 
c'  the  ‘■limt  cr,  •!' uratini  ty  the  wind  tunnel  rodel.  The  data  for  reprerertinn  the  airplane  flyim 
rear  to  thr  'r/-,;.],'  nt'aiior  u'ino  a fixed  nround  pisre. 

■n,  cx.S'-r’n  r‘  ".n,  r.itii  ottainei'  *ro<  thi'  rodcl  is  shown  ii  Pi'i.rc  bnrral  wall  anc!  I.lockanc 
crrrrct'ri'  h 'vp  t.err  'Pi  lied.  Pata  is  shov.r  nor  a lancimi  flap  enr' i'lura tion  of  33  decrees  ai  d typical 
taif-r"’  prs'*irrs  o'  in  deorees  ar.d  "n  driT,.ee. 

•iP  n-.',i,L 

ev'-ral  ‘.11  scale  tiraictcrs  rust  Ic  esti'ated  fri.i  this  lift  rnd  pitchiiin  rnrent  data  as  indi- 
■ ■•ed  ri  :<,IC  4.  1,1  ir.h  si'nv,'.  t'l  ‘l'o|,r  kccm's  litiiiiic  (urinn  f typical  fli"ht  tes'  stall.  Tne 
'riiic'ri,  If,.-  f,  (.'.•.‘'■aten  is  ‘in  redcr.'.’  Aviatinr  fcoulatirn  IPA^I  stall  sreed.  This  speed  it 
,'f‘ioe'  rs  fu  -’ri"i.r  spLi'd  (itta'r.ci  durir'i  a full  stall  that  is  approached  at  the  rate  o'  1 h..c*.  nor 
sr..'>  •.  *h's  rif.i'.,  .peeu  occurs  durir.n  dyno' ic  raneuvor  -nd  ‘he  atrplane  usually  vill  tc  snreidere 
‘•e'ner  -os'  >'s  at  the  ti'e  t,‘-is  oinlrui  speed  i'  rtachc.'.  Thi*-  PAP  stall  sreed  is  used  h.  thr 
as  O' 0 'I  r-,  i.itr.-.t  for.  ir  ieten  inif  i-ale-rff  ar.d  landino  sieid'  'su'  eirplares  certiPicd  vithin  the 
"ri'('  '.‘a'es.  'he  cerresnordinn  PAP  C,  is  dcfi'Cd  at  C,  ’ W - vithcut 

4t.all  'Ptall  l/7fV^taTl-  qS 

rnrt'' ,rr‘r  • ;n,.  n i ir  c‘d  load  factor  existirn  at  the  tire  VsigH  occurs.  Arntber  stall  Speed  is  the  1 n 
stall  sfred  h rh  i<  defined  as  ‘.h.v.  speed  i.h‘ch  occurs  iur’t  as  the  rrrral  acceleration  treaks  to  a 
rndurr  ' '..il  .1.  'his  '.irf'l  also  is  i-edsured  d'..r'o'i  a dinanir  ■■anei.vfr  and  s,ay  p.rl  occur  at  r..vactly  1 n 
,-rr' i'  rr , .xvVr,  'tis  1 n Stall  spensi  is  imi'  gx  thi  lusis  frr  scltinn  the  laie-cff  and  landion 
s:  eess  ‘ •■■i  -'i,-  *hf  rr  rresrrrd‘>  ■■  C.  hts'i'icalU  has  beer  used  cS  In  the  Structural 

rax 

•al/Si  '•  .‘i:  AIsi  to  te  osti';.*'  . tic  true  achievid  duriii'  the  stall  'aneuver, 

has 

•’•('I  o,  is  d.-o  rr  o'  . •'hi-  'o.xiru  ’1"  coefficiert  usually  occurs  at  a sreed  beloi.  the  1 q stall 

rl 

■•ft:  ar.d  ''s  ni'ihi  d,  -f't  iiri'r!'.  c'rresrnt  '-'i"'  to  th.r  me  rei.Surti'  ‘r  a v'r.d  tunnel  test. 

‘■'ay 

i.  P0PPCLA':(’  np'.'-'  /M  ri.;qi'  -i’"  rr'iL" 


Fisiiro  s vj-rari.'os  the  t’oh.li'*  ‘liopt  an-;  v.ind  tunnel  data  fror  a series  of  Doeinn  airplanes 
* / shnv.irq  thr  ra*ic  rf  thf  PAPP. . tr  the  v.ir.d  tunnel  C,  The  data  shows  apprcciahle  scatter 

‘•‘ifal’ 

trtire.-,  .lirrlates  ard  *he  ‘did  line  was  nhrset  ,:S  the  '.alue  of  the  paraneter  to  be  used  in  estiratirq 
•he  7 ,''  !tr'nrr:ir.ri , 'ho  7’7  fliott  tost  re  sult.'  ofnerall;.'  lie  soiewhat  beloi-  this  estimated  value. 

'he  a:.a  rciots  shown  i"  '.hr  imper  p.-rt  of  the  ch.v  t are  *■(  r thr  aimlanes  at  the  naxirur  weiuhts  tested, 
'ho  lo'-er  plot  r-rrsn-rt'  the  trrrd  o'  th-r  st.ill  spctrts  as.  a functior  on  airrlane  winn  loadinq,  and  shows 
•.h,,s  -'i  r roas'ri  mtiss  '.simt  qomrasrs  ‘liotily  tit;  't-11  lift  cnenficir-nt . '(is  winn  loadinq  effect 
1..',  lifi  for  '-.hfrt  shro'ahr.i.i  ‘he  l.istcrv  ih,j,.  r.r‘.  'he  \aluts  nt  vin.i  tunnel  Ci„,  used  tc 
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''f'.''lrr  -hixf.  I If*.  ' i‘'tr‘.  slioht'/  froa  fh'.so  .'fir  ir  Pinunr  '.  'he  reason  is  that  there  were  no 
tanciani  ‘orrer.tinos  isp'!  in.  rrduciro  shr  7-7  '.'.ir  i tu'inc’  :a*r.  shown  hero.  Th’s  was  done  in  order  to 
f.nrn.irp  v.'th  Ur  i,ie'/''cus  tests  of  thr  P.oiino  fanily,  rarje  iiy’nrt  tlrcia'C-  cornpctirr.'  were  a ncrr.al  'lart 
of  the  v.ir'  fimnel  data  reduction  rrcccdure. 


* Palled  nqsiticn  "’P  in  the  n]i,.n  handtooh 


A sir11»r  sunrary  of  tl»  1 n Is  shown  in  Finure  6.  Again,  there  Is  oppreclable  scatter 

In  the  data,  and  the  solid  line  represents  the  value  used  In  maklnn  the  7A7  pre-fllnht  estimate.  The 
747  flinht  test  results  gave  1 q ^Istall's  **  percent  beloi,  the  original  estimate.  This  fact 

Is  particularly  surprising  since  a test  Installation  of  the  747-type  leading-edge  flap  on  a 707  gave  a 
correlation  factor  well  above  the  other  airplanes.  The  1 g Cu.  ,,  shoved  the  same  trend  with  wing 
loading  as  was  Indicated  for  the  TAP  CLstall' 

At  the  tine  these  estimates  were  helnn  made.  It  was  reconnited  that  the  7^7  had  a leading-edge 
devlcr  that  rinht  render  past  wlnd-tunnel-to-fllght-test  correlations  Inaccurate.  Past  tceinn  airplanes 
had  a leading-edge  device,  either  Krueger  flap  or  slat,  that  was  relatively  sharp,  creating  high  pressure 
peaks  and  rapid  pressure  recoveries  which  would  make  the  flow  sensitive  to  Reynolds  number  effects. 

The  747,  on  the  other  hand,  had  a leading-edge  device  that  was  carefully  designed  using  aerodynamic 
theory  to  produce  a smooth  pressure  distrihutirn  having  no  severe  gradients  at  high  angles  of  attack. 

Kith  the  gradient  selected  to  give  nn  separations  at  low  Reynolds  number,  no  appreciable  Increase  In 
lift  should  be  expected  as  Reynolds  njmber  Is  Increased. 

In  order  to  evaluate  these  considerations,  a wind  tunnel  test  was  made  In  the  12  foot  pressure 
tunnel  at  the  Ames  Aeronautical  Laboratory  of  the  NASA  where  the  Peymlds  number  could  be  varied 
from  approximately  ’.I’  million  up  to  7.5  million.  These  data,  shovm  1n  Figure  7,  are  In  ncod  agreement 
at  low  Feynolds  number  with  the  data  obtained  In  the  University  of  Washington  wind  tunnel  when  corrected 
to  the  forward  center  n*  gravity  position  used  In  this  figure.  The  Increase  In  Ci.,„  with  Reynolds 

rifl  X 

number  was  relatively  modest,  and  the  data  showed  enough  linearity  to  allcw  extrapolation  to  the  full 
..cale  Reynolds  nurber  of  to  4P  rillion.  The  flight  test  data  shown  are  the  maxirun  Ci 's  achieved 

In  the  stall  'Ci,.  • nW)  and  Indicate  an  agreement  within  2 percent  or  less  of  the  extrapolated  wind 

gS 

tunnel  values. 

5.2  Cl's  *or  Mlnimwi  Ln-5t1ck  Speed 


FAA  certified  Hrp-off  speeds  are  related  to  the  rlrimur  speed  that  the  airplane  can  demonstrate 
a cor'plete  take-c'f,  ca’led  The  11't  coefficient  for  this  condition  can  be  llrlted  by  either  Cl^^^ 

or  tv  the  ar.r’e  of  attack  existing  when  the  aft  brdy  contacts  the  ground.  Therefore,  It  Is  necessary  to 
estimate  hoth  the  lift  curve  shape  and  the  Cl,,,,  In  ground  effect.  The  basic  data  for  making  this  esti- 

mate  were  obtained  In  the  wind  tunnel  usinr  a fixed  ground  plane  modified  to  allow  unusually  hlnh  pitch 
attitudes,  as  shown  in  Figure  r.  ''he  lift  curve  so  established  was  checked  at  high  Reynolds  number  and 
tound  to  te  essentially  unchanged.  Since  angle  of  attack  Is  such  an  Imontant  parameter  under  these 
conditions,  the  model  used  for  this  test  had  the  wing  twisted  to  represent  the  aeroelastic  (’'stcrtlcn  of 
the  actual  airplane  during  heavy  wc1"ht.  flaps  down,  flight.  These  wind  tunnel  data  were  then  corrected 
by  correlatlcr  factors  ottalned  or  prcv’ous  Coelng  aircraft  similar  to  those  shown  for  the  free-air  condl- 
tlors.  Resultant  pre-'l1ght  estimates  and  subseguent  flight  data  are  shov/n  In  Figure  9.  The  data  shows 
a scatter  o'  * 5 percent,  typical  of  flight  test  Infcrmatlor  taken  during  the  take-off  phase.  However.  It 
dees  straddle  very  well  txp  pre-flight  estimate.  A picture  of  this  rather  dramatic  flight  testing  for 
^Cna/  grourH  o'fect  is  shown  in  Figure  10. 

hitching ’'omentS 

The  static  lor.ritufiinal  pitching  ncmerts  Ple>  an  important  role  in  determinirg  the  handling  charac- 
teristics o'  the  airplane  durin  the  Stall  maneuver.  The  Influence  of  aeroelastic  deflections  and  local 

separations  on  a swept  wing  tan  nave  lame  effects  .or.  wing  pitching  moments. 

Separat'nrs  on  the  wirg.  Inn,,  and  nacelles  can  ir»luence  the  tail  contribution  to  stability.  Since 
these  separations  car  be  sinsitivc  tc  Feyi.olds  njrber  e"ects.  It  Is  difficult  to  predict  the  airplane's 
'il’-scale  behavior  1'  tkf  win''  lurnrl  data  Indicate  a situation  that  is  marginal  in  any  way.  At  Boeing, 
our  philnsorhy  has  heen  'or  many  years  to  desi"n  fnr  good  pitchirig  moment  characteristics  under  low' 
Feynol'ls  o/rter  conPitirrs  to  assure  good  characteristics  in  flight.  small  pitch-up  in  the  stall  is 
per'^issible  and  tends  to  hold  the  airplisne  to  a slightly  lower  speed  before  It  pitches  dowr  out  of  the 
stall.  This  permissitle  pitch-un  must  cause  only  a limited  excursion  in  angle  of  attack,  say  4 to  6 
degrees,  irvnlve  essentially  no  Increase  *r  f,  once  the  pitch-up  begins,  and  must  be  followed  by  strong 
pitch-down  to  assure  a good  clean  break  away  from  the  stall. 

The  wind  tunnel  pitching  moment  data  at  tnth  low  and  high  Peyrolds  number  and  the  corresponding 

flight  data  are  compared  in  Figure  II.  There  is  practically  no  change  In  wind  tunnel  pitching  moment 
data  with  Rcvrnlds  number  probably  a result  of  the  'am.bered  lear'irn-edge  flap.  The  flight  data  show 
slightly  superior  stability  at  stall  entry  than  the  wind  tunnel  data  indicate.  They  also  show  that  the 
wind  tunnel  predicted  quite  accurately  the  flight  values  for  the  angle  cf  incipient  pitch-up  and  the 
angle  of  recovery.  These  pitchinn  moment  characteristics  produced  an  airplane  extremely  easy  to  fly 
thorougheut  the  stall  maneuver. 


While  the  stall  speed  prediction  nethod  used  for  the  747  was  moderately  successful  such  a procedure 
does  not  lead  to  any  fundamental  understandlnn  of  the  physics  of  the  stall.  Consequently  an  analysis 
was  undertaken  to  net  sore  appreciation  of  the  factors  involved  In  the  stall.  The  parameters  that  have 
been  considered  in  the  747  stall  analysis  are; 

1.  Reynolds  number 
flach  nurber 

1.  Aeroelastic  effects 
a.  Pitchup  chdra;ter1st1c 
f.  Pitch  Inertia 
(.  Stall  entry  rate 
7.  Stall  technique 

The  Influence  of  the  last  four  Items  of  the  list  can  only  be  assessed  In  a dynamic  stall  simulation.  A 
three  denree  of  freedom  digital  simulation  was  undertalen  to  determine  these  effects. 

f.?  Reynolds  and  Kach  flunber  Effects 

The  Reynolds  nurber  effects  were  assessed  ty  using  the  low  Reynolds  nurber  data  obtained  at  the 
bniversity  of  Washington  wind  tunnel  and  e.'ti.'ptildtlnr  to  full  scale  uslnn  the  higher  Reynolds  nurber  data 
citalred  in  the  1C  foot  pressure  tunnel  at  the  Arcs  Aeronautical  Laboratory  of  the  NASA.  This  extra- 
polation was  augmented  by  some 
at  the  5 X E foot  variable  den 
Canada.  This  two  dimensional 
"hese  data  confirm  the  trend  shcv;n  In  finjre  7 which  indicates  quite  a modest  Reynolds  number  effect  on 
^i-max'  Reynolds  nurber  sensitivity  for  the  747  Is  due  to  the  careful  design  which  produced 

a smooth  pressure  distribution  on  the  flaps  having  no  severe  gradients  at  high  angles  of  attack.  Reynolds 
r.jrher  effects  or.  earlier  flap  systems  with  severe  gradients  can  be  much  larger  as  shown  on  Figure  12. 

Twe  basic  low  Reynolds  number  data  at  the  University  cf  1/ashlnnton  tunnel  were  obtained  at  a 
relatively  low  “ach  number  of  ff  » .1C.  Lurinc  a fll.ght  test  stall  the  Mach  number  may  be  as  high  as 
•'  • .30.  Due  to  the  very  high  reoative  pressure  coefficients  Involved  on  the  flaps  at  high  lift  this 
discrepancy  ir  Mach  number  could  be  oulte  serious.  Therefore  as  a part  of  the  test  program  at  the  HAE 
variotle  density  tunnel  In  Canada  the  Influence  e*'  Mach  nurtcr  or  CLp.gj,  was  also  Investigated.  It  was 

four-'  ti.at  'Inp  cyster.s  which  old  net  take  cere  to  protect  against  severe  pressure  peaks  and  gradients 
at  high  angles  0'  attack  can  have  rather  severe  Mach  number  effects  es  shown  on  Finure  13.  Because  of 
the  flap  design  philosophy, the  Influence  of  Mach  number  on  the  747  Is  very  mild. 

f.3  Effect  of  Aeroelastlcity 

The  Influence  o'  aeroelastlcity  on  the  stall  was  Included  by  correcting  the  aerodynamic  coefficients 
for  aeroelastic  deflections.  The  basic  linear  unstalled  portion  of  the  aerodynamic  coefficients  were 
corrected  using  terms  derived  fror  structural  pregrar.s  which  use  linear  aerodynamics  to  supply  the  air- 
loads. 

The  most  difficult  parameters  to  obtain  are  the  aeroelastic  effects  near  the  stall.  The  basic  747 
wind  tunnel  data  was  obtained  with  a wing  which  Incorporated  the  aeroelastic  twist  for  a critical  flight 
loading  case,  namely  the  ccnditlon  for  a heavy  weinht  airplane  but  with  only  partial  wing  fuel  capacity. 
This  condition  corresponds  approximately  to  the  heavy  weight  stall  conditions.  To  sec  the  effect  of 
the  weight  and  fuel  loadin'-  on  the  aeroelastic  deflections  consider  the  following  cases: 


two  dimensional  hlnh  Reynolds  number  data  obtained  cn  the  747  flap  system 
sity  tunnel  0'  the  ‘latlonal  Aeronautical  Establishment  (flAE)  in  Ottowa, 
data  was  taken  over  a Reynolds  number  range  of  1.2F  x 10®  to  13.0  x 10®. 


WtlOUT  LBD 


wIt;P.  FUEL  LBS 


UI.RELIEVED  WEIGHT  LBS 


1.  335,0''0 

2.  440,000 

3.  699,000 


0 

50,000 

150,000 


335.000 

390.000 
R4 9,000 


Case  1 represents  the  minimum  operatinr  weight  while  case  2 Is  approximately  the  lin-it  weight  stall 
conditions  encountered  In  the  747  flight  test.  Case  3 Is  about  the  weight  and  fuel  conditions  encountered 
in  the  heavy  v;e1ght  flight  test  stalls.  The  difference  In  the  weight  deflecting  the  wing  Is  quite 
apparent.  The  aeroelastic  deflection  associated  with  these  loads  cause  a difference  In  span  loading 
which  cn  the  747  and  several  other  Boeing  airplanes  causes  a reduction  in  with  Increasin'-  i. eight 

on  the  wing.  This  variation  with  loading  should  be  determined  by  testing  wind  tunnel  wings  which 

have  the  twists  and  deflections  associated  with  these  loadings.  Data  exactly  of  this  ''orm  ate  not 
available,  however  the  trends  do  exist  In  the  wind  tunnel  testing  of  the  747.  Evidence  of  the  aercclastlc 
effects  are  apparent  In  the  747  flight  test  data.  Ey  looking  at  the  actual  Ci  values  achieved  In  the 

stall  tests,  a difference  In  maximum  lift  capatility  Is  apparent  as  shown  on  Figure  14.  ','ote  that  the 

Cl  Is  not  a function  of  the  stall  entry  rate.  The  difference  in  Ci„,„  carnot  be  explained  In  terms  of 

‘•ITjax  ‘•riclix 

Reynolds  number  or  Mach  number  effects.  These  aeroelastic  effects  at  the  stall  are  part  0^  a very  complex 
system  which  is  sensitive  to  a large  number  of  variables  and  cannot  be  attacked  except  threugb  wind  tunnel 
testing  of  the  range  of  variables  Involved. 


.»•(> 


To  dtUrmlne  tht  totti  itrotUstlc  (nfTuenct  at  laast  thrN  cases  must  be  evaluated,  the  rigid  Jig 
position  wing,  and  at  least  two  other  deflected  wings  corresponding  to  the  heavily  and  lightly  loaded 
cases.  The  procedure  used  on  the  747  analysis  can  only  evaluate  the  Increment  between  light  and  heavy 
loading  with  the  total  aeroelastic  effect  starting  from  the  Jig  wing  still  unidentified. 


f . 4 Effect  of  Stall  Cynamics 

The  Influence  of  stall  dynamics  on  stall  speed  was  Investigated  using  a three  degree  of  freedom 
simulation  which  Included  the  effects  of  variations  In  Reynolds  number,  Mnch  number  and  aeroelastic 
deflection  during  the  stall  maneuver.  The  simulation  equations  of  motion  are  defined  In  Figure  IS. 


The  FAR  stall  speed  Is  specified  at  a stall  entry  rate  of  1 knot  per  second, 
defined  as  follows: 


This  entry  rate  Is 


FAR  entry  rate 


’min 


- 1.1V, 


nin 
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The  flight  test  procedure  Is  to  perform  several  stalls  using  a consistent  technique  with  entry  rate  as  a 
variable  and  to  plot  stall  speed  versus  entry  rate  to  determine  the  FAR  stall  speed.  The  effects  of 
stall  technique,  pitch  Inertia  and  pltchup  were  evaluated  using  the  dynamic  simulation  and  the  FAR 
stall  speed  definition. 


Using  the  definition  of  FAR  stall  speed  It  Is  apparent  that  any  number  of  curves  will  pass  through 
the  points  defined  by  '^mln  and  1.1  and  It  Is  for  this  reason  that  stall  technique  Is  Important.  Two 

of  the  many  possible  curves  are  shown  on  Figure  IE.  The  'slow"  stall  Is  characterized  by  a fairly  uniform 
deceleration  Into  the  stall  that  Is  obtained  by  a gradual  elevator  application  to  a prescribed  angle  of 
attack  at  which  the  elevator  Is  held  fixed.  The  fast  stall  Is  characterized  by  a slower  Initial  entry 
rate  followed  by  a higher  final  entry  rate.  This  type  of  stall  Is  obtained  by  a slightly  slower  Initial 
elevator  application  to  some  angle  of  attack  at  which  full  elevator  Is  applied  and  held  through  the  stall. 


Two  types  of  elevator  application  were  devised  for  evaluation  of  the  stall  technique  and  were  pro- 
granned  for  the  simulation  In  order  to  systematically  study  the  effect  of  stall  entry  rate  and  technique. 
A series  of  stall  computations  were  then  performed  on  the  simulator  to  Investigate  the  Influence  of  gross 
weight,  pitch  up,  pitch  Inertia  and  aeroelasticity  on  FAR  stall  speed.  One  of  the  simulations  Included 
the  elevator  Input  from  a flight  test  stall  to  determine  If  the  simulation  was  adequate.  The  comparison 
shown  on  Figure  17  Indicates  that  the  stall  calculation  simulates  the  flight  test  quite  well. 


f ■ • Stall  Simulatl on _Res_u_Us 

Typical  speed  tine  histories  from  the  simulation  are  shown  on  Figure  18  for  the  two  types  of  stall 
entry  technique  with  an  elastic  airplane.  The  minimum  speeds  and  corresponding  lift  coefficients  have 
been  extracted  and  are  shown  plotted  against  stall  entry  rate  on  Figure  IS.  It  Is  apparent  from  these 
data  that  the  stall  speeds  are  quite  sensitive  to  both  the  entry  rate  and  stall  technique,  but  since  the 
FAR  stall  Is  at  a specified  entry  rate  only  the  speed  and  lift  coefficient  at  this  rate  are  used. 

Similar  data  was  obtained  at  lighter  weights  and  the  effects  of  gross  weight  and  stall  technique  are 
shown  OP  Figure  2''.  Also  shown  on  Figure  2C  are  the  747  flinht  test  results  which  are  In  reasonable 
agreement  with  the  slrulator  generated  levels. 


The  Indicated  gross  weight  effect  on  the  stall  lift  coefficient  Includes  the  aeroelastic  effects  or 
Cl  previously  shov/n.  In  order  to  separate  the  aeroelastic  Influence  from  the  dynamics  of  the  stall 
tne*T1ght  weight  simulation  was  repeated  but  without  the  aeroelastic  lift  effect.  The  results  shown  on 
Figure  21  Indicate  that  virtually  all  of  the  gross  weight  effect  on  the  stall  1s  due  to  the  change  In 
lift  attributed  to  aeroelastic  deflections. 

The  variation  of  Reynolds  nurter.  f'ach  number  and  their  effects  on  the  during  the  stall  are 

shown  on  Flmire  22.  It  can  be  seen  that  while  there  Is  an  effect  of  these  parameters  on  the  Ci 

‘■max 

neither  ReynoVs  nurter  nor  Mach  number  variations  are  oominant  factors  within  the  stall  and  if  the 
aeroelastic  effect  Is  removed  both  configurations  achieve  approximately  the  same  lift  levels. 

For  a given  rross  weight  and  center  of  gravity  a considerable  range  of  pitch  Inertias  nay  be  obtained. 
To  examine  the  e^'fect  of  this  parameter  on  the  stall  the  pitch  Inertia  v.as  changed  + ?L''  from  the  nominal 
value.  The  results  Indicate  that  the  pitch  Inertia  variations  Investigated  hove  negligible  effects  on 
the  FAR  stall  speeds.  The  data  does  Indicate  however  that  slightly  faster  elevator  Inpits  are  rtculred 
to  achieve  the  1 knot  per  second  entry  rate  and  an  effect  could  be  found  If  the  elevator  becomes  limiting. 

As  shown  previously  the  pitchup  at  the  stall  Is  difficult  to  predict  and  some  variation  In  the 
pitchup  should  be  anticipated. 

To  examine  the  sensitivity  of  the  FAR  stall  speed  to  the  amount  of  pitchup,  a series  of  simulations 
were  performed  with  the  pitching  noments  shown  on  Figure  22.  The  resulting  FAR  stall  lift  coefficients 
are  shown  on  Figure  24.  Over  the  range  cf  pitching  noments  Investigated,  Increasing  the  amount  of 
pitchup  has  a negligible  effect  on  the  stall  speeds  while  decreasinr  the  amount  of  pitchup  results  In  a 
rather  serious  loss  In  stall  lift  coefficient.  The  conclusions  could  be  expanded  Into  a more  general 
statement  that  pitchup  characteristics  arc  not  a dominant  factor  In  the  FAR  stall  speed  determination 
unless  the  elevator  capability  Is  Insufficient  to  develop  the  final  stall  entry  rate,  "ov/over,  the  stall 
characteristics  at  the  aft  center  of  gravity  may  limit  the  allowable  pitch  up  and  a strong  pitch  down 
after  the  Initial  pitch  up  must  exist  to  assure  a good  clean  break  away  from  the  stall. 


The  same  simulations  used  to  examine  the  FAR  stall  speeds  were  analysed  to  evaluate  the  1 g stall 
speed  correlation.  The  analyzed  data  presented  on  Flqure  25  show  again  quite  good  correlation  with  the 
flight  test  data  with  the  aeroelastic  contribution  accounting  for  the  gross  weight  sensitivity.  The  1 g 
stall  speeds  show  a sensitivity  to  stall  entry  rate  similar  to  the  FAR  stall  speeds,  and  comparing  the 
C|^,  values  with  the  previously  shown  Ci  values  It  becomes  apparent  that  the  1 q stall  speeds  are 
novobtalned  at  unit  load  factor.  The  1™  stall  speeds  are  the  result  of  the  dynamics  of  the  stall 
maneuver  Just  as  the  FAR  speeds  are  but  at  a load  factor  closer  to  unity. 

A suRtnary  build  up  of  the  predicted  FAR  stall  lift  levels  from  low  Reynolds  number  wind  tunnel 
maximum  lift  data  Is  shown  on  Figure  2f.  The  predicted  levels  compare  quite  favorably  with  the  values 
obtained  during  the  certification  flight  tests.  The  key  Item  Is  to  start  with  a carefully  designed  low 
Reynolds  number  wind  tunnel  model  twisted  to  a specified  loading.  The  Increments  shown  on  Flqure  26 
Indicate  that  for  the  747  airplane  the  major  Influences  In  the  buildup  are  the  aeroelastic  effect  and 
the  effect  o^  the  dynamics  of  the  stall  maneuver. 

7,  CLCSINf.  REMARKS 

The  methods  used  to  estimate  the  stall  characteristics  of  the  747,  based  on  the  previous  experience 
cf  Poeinn  transport  airplanes,  predicted  the  FAR  stall  lift  coefficients  within  about  5 percent. 

This  1s  well  within  the  confidence  band  expected  during  the  preliminary  design  phase  of  an  airplane,  but 
as  shown  In  the  Introduction  this  Is  not  adequate  during  the  development  and  guarantee  phase.  A 
sutseauent  analysis  considering  the  effects  of  Mach  and  Reynolds  numbers,  pitch  Inertia,  pitchup  character- 
istic stall  technique,  aeroelastics  and  stall  dynamics  has  led  to  a better  understanding  and  a more 
accurate  prediction  procedure  for  the  future.  The  analysis  has  also  pointed  out  some  gaps  In  the  data 
required  to  obtain  a rational  stall  lift  prediction. 

Cne  must  conclude  that  the  prediction  of  the  stall  lift  coefficient  remains  a difficult  engineering 
problem.  Cased  on  the  results  of  the  analysis  of  the  747  airplane  much  progress  can  be  made  to  better 
understandinn  the  physics  of  the  stall  maneuver.  However  there  are  still  parts  of  the  analysis  In  the 
area  of  aeroelastic  effects  and  understanding  the  aerodynamics  of  stalled  flows  that  should  be  examined 
In  further  detail  to  arrive  at  a more  scientific  stall  prediction  technique.  The  data  required  for 
this  more  scientific  approach  will  In  general  not  be  available  during  the  preliminary  design  phases  of 
the  development  of  ardrplane  and  therefore  the  empirical  procedure  used  for  the  747  tempered  with  engineer- 
ing Judgement  will  still  serve  as  a useful  and  reasonably  accurate  method  for  prediction. 
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DtCOLLtMENT  ET  EXCITATION  AERODYNAMIQUES 
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B.Monncrie 
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2‘i.  Avenue  dc  la  Division  Lccicrc 
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j RESUME 

[ l.c  dccriKlutic  cl  Ic  trcmhicmcnl  soni  dcs  phcnonicncs  lies  a I'apparilion  cl  au  di^cloppc- 

ment  sur  Ics  vchiculcs  acriens.  dc  /ones  dVcuulcmcnls  dceuiillcs.  Ccs  dccollcincnis  son! 

I Ic  siege  dc  rcnioiis  i|ui  prodiiiscnl  dcs  lliicliialions  dc  pression  cl  csciicnl  la  siriiclurc.  Lcs 

Jccullcincnis  .ipparaisscnl  sous  I'as'lion  dcs  gradicnls  dc  pression  posilils  inicnscs.  ils  Joiicnl 
I done  iin  role  iinporlaill  dans  Ic  regime  Iranssoniquc  epii  prouKiiie  dcs  rctoinpressions  Ires 

briilalcs  par  Ics  elioes  ipi'il  engendre. 

Lcs  lliielalions  dc  pression  dans  Ics  dccollcincnis  onl  line  inicnsile  10  a 100  I'ois 
siipcriciirc  a eclics  ipii  soul  prcscniccs  dans  Ics  couches  limilcs  allaciiccs.  l.a  prevision  par 
Ic  calcul  dc  rinicnsilc  dii  I'lillcling  ncccssilc  la  con.iaissancc  dii  clump  dcs  pressiuns  insia- 
lionnaircs  cc  qui  csi  iin  prohle-inc  cxircincmcnl  ardti  a abordcr  par  voic  piircincnl  Ihcoriniic. 

La  sole  siiisie  aeluidicmcnl  coiisisic  a csalucr  Ics  caraclcrislii|iies  sialisliqiics  dli  champ  dc 
pression  cn  Ics  mcsuranl.  Lc  probicinc  qui  'C  pose  alors  csl  cclui  dc  sasoir  dans  ipicllcs 
^ coiidilions  Ics  rcicses  cllcclucs  au  coins  dcs  experiences  siit  niai|ucllcs  soni  rcprcscnialils 

dc  cc  ipii  sc  passc  a I'ccllellc  rccllc. 

FLOW  SEPARATION  AND  AbRODYN AMR  lAt  ITAIION 
AT  TRANSONIC  SPEEDS 

SUMMARY 

Slalling  and  biiUclIiig  arc  phenomena  in  conncclioii  vsilh  llic  birlli  and  growth  ot' 
scparalcd  How  areas  on  Hie  aerospace  schieic  siirlacc.  These  areas  arc  loci  ol  liirbiilencc 
I which  produce  higti  lesel  pressure  Huctualions  and  cxcilc  the  vehicle  structure  Separalion 

occurs  due  to  strong  positive  pressure  gradients  and  so  pla>s  an  important  role  in  the 
[ transonic  regime  which  provokes  sleep  rccoinpressions  with  the  shocks  it  creates. 

i 

Ihe  level  of  pressure  Huctualions  in  a separat.d  How  area  is  10  to  100  limes  more 
intense  than  in  attached  boundars  layers,  i'he  cuinpulation  ol  biitieling  inlensitv 
re(|uires  a knowledge  ol  Ihe  unsteady  pressure  lield  which  is  ver)  dilTiculI  to  obtain  by 
purely  theoretical  means.  The  metlKHl  used  at  the  present  time  is  to  measure  Ihe  statistical 


characleiisiics  of  the  unsteady  pressure  lield.  The  problem  which  then  arises  is  to  know 
how  measurements  made  on  Ihe  model  correspond  to  svhal  occurs  on  Ihe  liill-si/e  vehicle 
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5*  a-.  "or.arliT  J’-j'-Kcro-  L In  . j'one  rL'pti'rt  f*o  I'o'ipoiu'.r* -p  pouvant  4tr>»  attribu>5e  u un^  eroitntion  inte.  oo 
.;:-ov3nu'-’  par  I’entr'i?  lo  oe  iitiii-r  riar..'  ?»  -11  • y;  forteaer.t  turbiilent  do  l*aile  er.  eoi»;'i:pir'!tion  4<!coll<?«* 


i'lu*  rcc»aBpr.t»  plurieurs  Xora  dpc  pivnierw  errifrlenosa  spa  lidos  oat  r<$Tiio  qiw  lee  v^il  rules 

rpatiriui  rouviiirnt  coR;.bttrr-  .les  probltors  fTovrr  do  buffeting  i la  ti*r  versoe  du  dooainc  trsBasoninue*  >a 
prooloaes  aet  la  aPrw  origins  que  le  uuffetin--  J«n  avions  t I'existenee  is  zones  d'teouleoents  duooUds* 

Ls  buf:'etinc*  rpparaXt  done  com:''  la  r^ponse  do  structure  4 une  ozeitation  adredynaaique  trourant 
son  origins  danc  les  d 'collcacnta. 

l>es  piineipauz  t^Tsa  j#  ouffetiiv  au'on  peut  dbga'rr  eoct,  par  suitCf  lids  aux  fonws  de  structure 
St  ds  iesoUanent  qui  peuvent  ee  pr-isentrr  t on  :xctin,vc  t 

- Is  cuffrting  de:  ailos  i dar^  cc  ear  la  :onc  d* Jcoulcoer.t  s^coU^  epperatt  sur  I'ailSf 

• le  ruffstlr^'  :e:  enoerjiage:  :arj  le  car  ou  I’enpeiu'.sT:  re  trs.iVo  . Iteo  dans  le  sillage  d’une  siXe  aiSesll-^t 

• Is  buffeiii.  :s  v:osit<^  lorsoue  le  i-^coXlenent  ne  r 'suite  pas  de  conditionr  n 'ro:yn!-'sisuea  partieuli^res 
aals  r.iaul''a^t-t  ert  irovoqu"  'ar  i'ir.terrjpliar.  volontaire  de  If  contiruitd  de  la  paroia 

» le  cuff  sting  ces  I'u'.ceurs,  er.‘’in,  -ul  r.'ert  pjis  different  ?e  celui  des  filee  sur  le  nlM>  f3nuaaent«l  malr 
nui  pas;irds  cer  rf_"ti.“dlarltie  propres  ooopte  term  ies  fO'saos  allon-'^r  et  oe  r-'-voluiior.  ser  If  ■seura# 


* «■  >:«h>  ui:* lb  <«v ••t  • V * 

• ,1  » I-  n:'rHli  - 

*.or.  -J*or  C’tu  ie  le  .lOi  ven^r.t  r»iutif  d*ur.  fluids  r«'el  st  d*an  otrt-'.cl';,  on  ;eut,  sr. 

le  f it  ii.«'  1' s .‘-•ji.t  vis'.;euz  nco*"  .'ai.^  Its  ortijri"  '•ecouleaent  sui  ont  iz4  ou  sont 

BU  oi.  ii.'i.  e it-.  -U  .t  ;sr  rr.roia  j9  I'ob.  t ele.  Or  d4ri.jne  p'lr  "ouens  li-.its  In  ihitle  ••paisseur  us 

cui  ect  a.  :.:.t:i,*t  ;es  pru-otr  b;  >:_.5  I'i-i'oelie  la  viRcoritb  jous  UT.  r6le  pixpond-'rint.  iiirortfoc 
loi:.  ae  l*o.;tacl€  i'- r . :»it»  •»  va'-ni  couc.'.es  li-.il«-r  fort  !it  f.  ujt'-  !'•  sillaeo* 


i<o.'-.  tu'or.  3*cloi,T.“  do  Ih  ..  j.'  la  ..-oic'.e  li . .ito,  1'.  vit-’seo  rrlntlTe  si  .I  dde  rrr  r p’ ort 

a 1'  pe.-oi  t.-  ••  r pi;icrer<t  • Z''."o  .na  contact  ae  la  -oroi  a one  ▼!<l''ur  Vo  aits  vitenre  ezterioare* 

f.  i«i  • -o:itd‘-"e  :•»  CD icue  ii-i‘.e,  p.tdt.i  ''U-.fia  at  '.ti  !•  '/iter  o m • .asi  corstv.ts* 


io  ■ *.r.  o i'-'i  e couene  li-i'*-  cm  .'ai  Mit  ter  ‘.'-.i-t' ijr.r  plar  .rir.;  1-a  ivc  I'r  'caetions  (ST-t^r'ice 
103  riuaio:  vi  Tuciir  du  's-.-.'.iw:..'  ic  !.cvi- r -toke.i.  dlles  p j-Dettn.t  '.»'r  ;ae,  ; Our/u  I'-'pcir  • •r 

1-  -•D>:.'.e  li._i'->  rcir  :>etitf  vi.-—:.— vi.  -e  r.-;  Df."  -e  cou.-.upm  le  Is  vi. -oi»  le  rr-  licm  re  tre^.;lDr. 

••  . e r.D-—  1 ••  1-  • M -oi  e:  ■ : 1»  dl  •»  — i ..r.c  -i  •n.-i.t  lo  cJ.oale-  1-  ■ 'vclo  .•■".•i  t lo-  couoi.es 
1.  it  . et  . r VO  r 1< •■)-.:  art’ te";  I'l  ■;  .•ii  . i.;t"  •u:.  li' i.t  ;c  'rt.-.ioi.  iar. -it  .uin-U.  Oi;  tro-vc 

a i I,-.-  T i-r.’.  ' ' i'  * ' ’x"  ii.’'l x i.cij  - o r 'e  ir  l.-r  :i'/-  -r  . r r .• -.1 : r ! ■ cr.ri.ct  '^ 

■•;  '•.  a • <•  - . Ir.i  ■,  il  i • • . . a—  •*  -3.  ie  - -r  i'l  • ' ie  • :v:--o".  rc~.i  .i'r.  .i  sor  t 
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■;c  .e  .iai*.«,  ..'ii  .-.r.*  i iir.  ':  t i-.v-r.—  :,  d.  . *il.- 

a jar  i collvu-!  • i.'-  : coll  •/•l-.o  ;a.  1 r< 

rli.  .ji  i:  • e I-  ' ' t:  al'  J.  ;■  !*•'■ 
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■•'■aci.t  la  f:'*  - -a  -O'  il  rt  1*  '.  r.dr -our  .e  la 
•i-  •'  t ^ fisijjr.e  ■ l-i..  r.  -"._s,  ilo  ran  iui-rent 
' ■('-•i*  ?!•■  ti  a-j  'a  • "rticul  .-•  fl  iz'-r  l.s 
. ■••5  ■i-.rt  't  • 1*  • ....  -.  i'r.t  .:c 

3'.  • • --I;  'iu  . 1 1* 'co'.J'-v.'.t  -iri cn 
li-.i  . Jn--  C’Oi..r  inte  ,o  .Itte- la 


j:  il  e '/Ite.e  »'  e--  ;aa;e  I 0, 

; util  io  cca-ro  ld.-.;te  Jop.-  'ooller. 
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■ O'  'i  rr  ; r-jd'jir'  '•  I--,  r-i-ti  • r.-ri‘  ••  e-  r.5'i:r 
■•?:  •!■  contirui*  's  •>.i  i";'  c't*  i?  - ' -n'es 


« e.r  -.lii  . , lo—  ii.e  :.f,  le  .d  "r.-c  — ; - •«>  l...  f .-mi  i**  1*0  .*>11  :<»  j’j^  a 

1m  10'".  .o  i*s  T'L.roi  O’ai  h * *•  o • .rr^  il  • u^/*r*’ xli oil  :»rut  •:*;  pr^^o  ior  - i’  .rc.V'’*v  *•  a.i 

c..O"r  • r.^iU  p .-r  ? ro.-.  iwili*. ' o ••'coll*  v ».t  ■*o;»r».ion  se  ! sjt  ’ :a  ;f  j r'-*  .•  ?? 
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Lors  ute  1&  couche  linite  a dOcoIliS  ue  la  parolt  elle  p<>ut  y reooller  un  peu  plua  loin  ai  le  gradient 
de  pri'uaion  Ic  pc  met  ; cn  cas  controire.  Ip  rec^leoent  ae  prouuit  dans  le  sillage,  & I'anralt  aur  la 
iiuppp  fluidp  qui  est  pass*«  de  I'autre  cOtd  de  I'obatacle. 

delon  quo  Ip  point  de  ducolieDent  ou  de  recoupment  est  sltu4  ou  non  au  voisinage  lamedlat  d'un 
point  ringulior  de  la  parol  on  dit  quo  le  dpcollpaent  ou  le  recollcment  est  fixd  ou  libra. 

:^i.  asnociiint  les  direrses  posslbilitcs  pour  lea  points  de  d^colleoent  et  de  reebUement  on  arrive 
i.  .'t,-.  iir  un  tnalc-au  general  dea  can  qui  peuvent  se  presenter  [fif.  're  2]» 

kt  ria  CCS  c'n-'ralit.-s,  voyarjj  en  quol  le  doaainc  des  vlteases  transaoniques  poae  dee  probltees 
ptirtiouliers. 

?our  oclsi  il  cat  ncoessaire  d'entrer  un  peu  dans  le  detail  de  I'a^rodynamique  transaonique* 

- Ler  ■!  collpricntr  en  trunasonique  - 
. .1  - le-  vj  3i;iapr.3i3ij.el  - 

A cru:;p  jc  1»  complexitd  oes  ph.eioaenps  transsoninuec  il  est  utile  o'aDorder  le  problbne  en  examinant 
}'  O'u-  I’  iT.  r-o:il  en  pcouleaent  pl.ji.  On  peut  avoir  luie  premiere  id^  des  phc'nonenos  er.  observant  figure  3 
) • ''.'oJ ij;  > I’i  .listrii  iticr  ie  prrssioii  rur  un  profil  sitictrique  h incidence  nulls  lorsque  le  noobre  de 
. •.  ':vlt  fi  :.-rtir  tc  z -ro  ju:''':u*'iux  valours  transsonioucs,  aien  qu*une  telle  Evolution  solt  fonction  du 
p .o  '-"Olil  cr.oi:  i los  iTfXies  li.T.cs  do  ce  -ui  est  constat'"  a un  caractfere  gdr.eral# 

Aur  fatale-  vrjpurt.  du  noaor"  ;e  '.-.oar.  amont  la  repartition  des  vitesses  sur  le  profil  eat  entl^re- 
r.t  u.  or.iqjo.  .1  y r.  -x.  :oint  n*ar;-^t  pres  du  uord  d'attaque,  pula  I'^coulement  se  ddtend  et  s'aec&bre 
>*!i  X.  certnu.  enfir.  il  so  rocomprino  et  se  ralentit  k I'approche  du  bord  de  fulte.  Pour  une 

ViJ.'.ur  ;v.  r.om:  re  dc  Kach  aaont  arpel-.p  noatre  de  fcccli  critique  la  vite  -se  du  son  est  atteinte  en  un  point 
:a  p's;  11.  rour  Oea  valours  er.cor>o  plx-  rrander  iu  noanre  de  >4ach  une  petite  zone  supersonique  se  ddveloppe 
•-u’ our  ;e  eo  point,  Au  d>-but  la  rocoapression  peut  #tro  isor.tropique  aais  ossez  vite  elle  s'effectue  au 
:.o;.oi.  u'x.e  on;e  ae  cnoc.  de  choc  se  aoplace  v^r-  I'aval  k aocure  que  le  noobre  de  Mach  au^ionte,  et  en 
r-1,  pr.  r.*ae  t-  aps,  son  ir.ter.sit.'  awW'nte. 

-ors  UP  Is  rrofil  est  nlac^  en  inciconc'.',  on  constate  un  ddcaloge  entre  I'dvolution  du  choc  d'intra- 
;o..  pt  colic  cu  c.'.oc  i'oxtr-. '03.  nour  'x.  profil  ao  type  classlque  en  incidence,  lorsque  le  noabre  de  Mach 
uacnl  crolt  x ci.oc  ':p: -jCiIi  d'p.uord  h l*rxtn:o:;,  aai-  colui  qui  apparait  un  peu  plus  tard  h I'lntrados 
.-pcul"  plx-  rari:P3-nt  et  attoint  done  lo  .ord  de  fuitc  avant  le  choc  d'extrados.  11  en  rcsulte  une  perte 
■e  portxice  loc  -li  rt'o  a I'arricre  iu  profil  ■ t corr '■lativoaont  un  nomont  caorour  is^ortant.  A dea  nombres 
ce  Aacn  v^i  iis  .e  * le  c.aoc  i'extra.os  reyoint  Ic  oar,  ne  fuite  et  le  noaint  cabreur  diainue.  La  raison 
our  lac. elle  1.'  choc  d'extrriuas  r.e  rt-cule  p’in  n'gulierenent  et  rapidenent  vers  I'aval,  oe  qui  finalement 
.'t  1';  cause  ru  aoaont  casre  «r  corxtate,  c'ezt  que  la  couciie  llaite  ne  peut  supporter  la  reeoapression  imp»> 
3.'-p  p-x  1--  r.oc  ot  u*il  ,e  proruil  x.  U'ccolleaent. 

11  Bprarsl:  airxi  cue  its  -tcoll'  .I'nlu  jont  (ccends  a jouer  xc  rflle  tres  important  dance  les  ecoulementa 
irfxxr on.  Lor  ; rinclp;J.eu  uo.ai'c -u-pati  jr..'  le  ctcolieaent  qui  peuvent  Stre  rencontrdaa  aur  un  profil  sont 
fr.rer.tinG  : 1 -.,ro  f extraite  .e  la  r f 'rence  2 deXiS  laquollo  a rocemaent  dtfi  effectuee  une  presentation 
f-  'r.  r'J.e  ae  ...roaleaes  poeds  p.-x  ier  'co'uloaer.tr  transsoniquss  : 

a)  I'coilener.t  Ireiir.'jlcv  se  tore  'i'af.aque  sx.a  choc  :ui  est  foncaaer.taleaent  analogue  k ceux  qui  peuvent 
se  p."Ouuire  er.  •"•couleapr.t  irxoar .pe::.  -rle  ; 

b)  c 'colloacnt  ;-.V.  •j-alis-'  aepuis  ie  ;-o-c  .'attache  t 

c)  >'ccil  'a- nt  ;e  la  ccuc.ne  li.ai*<:  tu.r  ulp-nte  pro.uit  par  Ic  choc  et  suivi  d'un  reeolleaent  | 

:)  c coll  ••■a' r.t  le  la  couc.ae  limit.  • ,r-  cl'-t.te  p.-j  uit  par  le  choc  et  nor.  ruivi  de  recollcment  ; 

e)  c 'coll  a rt  au  piec  du  choc  uivi  ie  r-'call'-aent,  aair  Ir.  couche  liniito  trfes  ("paissie  par  le  processus 
pr  c 'dcr.t  d.'colle  ct  r.o.veau  .a  1 ' one  roeix-  c.,  . or:  ce  fuite  ; 

: ) rlicleuf  t„7xr  de  c-'ccllea-.r.'.  art  -i- xl,x.  jaf.-.t  presents. 

.;.2  - dffet  :u  r »~i  rt  - o .vac;,  't  :e  :'-c. -le  r'lCiCiuenco  - 

La  fi  acre  5 extr  ite  at-  I'.ap."*..-:  ^ j,  centre  I'evolutior.  ie  la  distrioution  do  pression  BVec  le 
r.oaar?  -e  *xc;i  r t Icr  cor.fi -,.-.tijr_  ' 'c  jui  -.  .-r.t  corr-oi  ponuantes . Le  devcloppeaent  d'xce  rdgian  ddcbllde 

eu  sor".  de  fuite  r.'ea;4cac  pa:  le  '.ouv  -t  rt  ru  cnoc  vers  I'arriere  aais  irdentit  - a prof  ession, 

e'  'voiu:.i'jn  1.  pi  ;ue  :e  It  cist.'i  .utlo.a  .ie  rr»suion  avec  l*ar.<U.e  d*  1. oider.ee,  a nombre  do  Kaeh  fixe, 

t de  faqor.  siailuire  pr  '-  ert  V.  fi  a.re  0.  Lor  cue  I'to  pie  c'inoiuenci*  augscente,  dans  un  preaier  tempo  le 

cr.oc  rccule  et  ^evient  plus  ii.te:ise.  A chu.t:  ce  i'inter.titd  plus  grande  du  cnoc  un  bulbe  de  ddcalleaent  se 
forme  et  ze  c-lveloppe  a.,  j'i<*d  ou  choc  et  ccci  prove  .us  un  dpaississeaent  de  la  couche  limite  et  cu  sillage. 
Lorsque  Is  cx.;>e  ce  uccoll-.-ac.at  : 'est  oevalo;.  p-l  juo.:u*au  sord  de  fuite  le  choc  se  met  h avaneer.  Cette 

sit'catio.a  peut  ?tre  oot.sr.us  ooit  pur  1'eiter.rio:.  vers  le  cord  de  fuite  du  deooUement  inuuit  par  lo  dioc 

ou  par  le  i 'velopp'jmcr.t  vt  .t:  I'-otont  .I'x:  u'icolieaent  qui  a prla  nai.tssr.oi  rtu  bord  de  fuite.  Pour  dea  an^es 
c'incicer.cc  encore  plu.-:  1 • Icoul  .-.aont  oucolle  depuis  le  bord  d'attaqce. 
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n doit  8t:-e  note  <juc  dfer  qu’un  .'(Ulbc  do  d^ollcBiont  de  dimension  senciblc  a et^  forme,  la  pression 
8tati:ue  au  bord  de  fiilte,  qui  juncu'alors  restait  b un  niveau  constant,  se  met  h diainuer.  Ce  phc-nom&ne 
cst  utilis<:  pour  d 'teeter  1* apparition  des  deoemcmentr  et  pixr  ruite  celle  du  buffeting,  on  I'appelle 
"diver.'TJiioe  ae  la  presuion  de  cord  do  fulte". 

,j.3  — Interaction  choc  - couene  liaite  et  efl'et  du  non-ire  de  ite^Tiolda  — 

Dans  lea  Evolutions  pr-'codentes  en  fonction  du  nooare  de  ilach  ou  de  1*  incidence,  on  a vu  que  dee 
chocs,  parfols  intensea  se  denlaqent  sur  le  profil.  Oes  chocs  agiasent  aor  la  couehe  linite  et  lea  effeta 
qtd  on  rosultent,  dependent  des  caractcristiques  de  la  coucnc  limitc  (upainseur,  paraBetre  de  forme)  et  de 
I'intennitE  du  choc. 

Sens  tous  los  eas  la  couctie  liaite  eat  Epaissie  par  1 'interaction  avee  le  choc.  Si  le  dEcolleaent  ne 
se  produit  pas  lea  effeta  sont  rclativenent  fiddler.,  nais  ^il  so  produit,  m^me  dans  le  cas  oh  il  y a recdl- 
lenent,  lee  consequences  peuvent  #tre  iaportanteo.  La  coucr.e  liaite  h I'avol  du  recollciacnt  ae  retrouve 
dcstabilir  ,'e  tc  fortement  Epairrie  et  done  dar..'^  une  .-ituatioii  i 'favorable  pour  pouvoir  supporter  la 
recorapresrior.  & I'approohe  du  borci  Jc  fuite. 

Indirectement  coci  explique  vourquoi  I'ei’ff't  du  riomore  do  .iojsiol  is  peut  itre  si  grand  aur  lea 
ecoulemciite  tranosoniauc-s  et  pournuoi  il  n'ert  pa.<:  fucil''  d'na<'liorrr  l.t  situation  on  utilisant  dea  dispositifa 
de  dEclenchement  de  la  troiuaition  i pour  pouvoir  .simder  de  f convcnuale  cc  qui  se  passe  en  vol  a dea 
nomnres  de  Hoyrolur  'levEs  il  faut  *tro  capa.  lo  uc  recoi.  litu  ;■  xjk  'jouche  liidte  ayent  uiic  epaisseur  et 
un  paraiibtro  de  forme  convenaul*  uarticulier-'ia'r.t  I'emroit  ;o:;  uhocs.  Si  on  utilise  dea  dispositifa  de 
dEciei.ciicmer.t  11  pout  8tro  r.Ecessaire  de  los  ajustar  on  toni.ior.  ct  dimeasion  pour  abaque  condition  de 
vol  definie  par  ut4  nonbr»;  de  ilacn,  un  nonbre  de  de.T.oI’  el  .ji  aivle  n'inoiderice. 

is  fiouro  7 montro  I'Evolution  ,e  la  iistricutior.  de  pres  ion  en  fonction  du  nonbre  de  Heynolda 
pour  un  profil  symetrique  a inclaenc-  nuUe.  i'our  lo  noisr.rc  de  .teynol  is  lu  plus  bas  il  y a une  interaction 
choc  - couche  liaite  lanli-rdre  tj-piquo  uvee  un  ddcollemer.t  i.u  pied  ':u  choc  asser.  Etendu.  La  recompression. 
de  ce  f;dt,  s*ot..nd  sur  nrea  de  40  de  la  longueur  de  In  oorde.  A plus  (T'did  nonbre  do  deynolds  (0, 66.10“) 
I'Eter.due  de  la  zone  d'intemetion  dininue.  Pour  ne;'  nonores  ''o  .lojo.oli;)  encore  plus  grands  il  y a une 
interaction  choc  - couche  linite  srns  dEcolleaent  et  la  r '[.'xrtition  oe  pres  : ion  devient  indEpendante  du 
noabre  de  Reynolds, 

Les  effete  du  noabre  do  AC-jsiold.s  p-uvent  oncon.  ?tre  plu.-  .••p'octaoul.'d.re.T  diinr  lea  cas  oil  I'Ecouleaent 
ert  .aur  le  point  de  jEcoll<»r  h 1 • ap.p i-ocno  du  DorJ  de  fuite.  ootte  .-it  tution  In  position  du  choc,  qui 
e!'t  fonc-ior.  do  I'.'tcr.iue  de  l.n  rone  d'coll'u'  uj  aord  do  fui te  ort  r.ii.ssl  d.'pcr.dnr.tn  viu  nonbre  de  Heynolds. 

. . . - Ler  «'e-}ai..3r.r,t  t;-i  iiroru^ioni.rl.s  - 

KAm  cn  se  li:ait*uit  au  car  des  ailcs  il  est  tree  lifficile  d^  prEser.tor  des  ooncld‘'rations  generoles 
sur  l»r.  'codloa^nt:-  tri  .ii:!..r.''ior:i..?l3  rerco  quf  ; re.oque  c..-  pue  oar  est  nr.  ca-s  particulier  par  suite  du  grand 
r.oasre  de  paranctres  r 'cessnircs  i.our  ciiract'-rircr  coaplutenont  une  rille  t ellongement,  effilement,  angle 
■’e  fl?o;e.  To-'  ' j.  -.aur,  de  canlrure  et  de  vrillaye.  Le.s  ailcs  peuvent,  cependant,  #tre  classEes  en 
troio  ,;rande."  cat-'.-roric.r,  en  fonction  de  I'un  des  p;  r^.'.utre.o  les  plus  important  I'an^^e  de  iiuche  moyen  | 
ce  r.ont  t 

- los  -iiler  h fleciie  faible  ou  nulle  (a) 

- les  ailo."  on  fl^ohe  (b) 

- les  ailas  Irr.cdos  ou  h tree  fort"  flecho  (c). 

Jes  v.Jwir:-  tpq'iqucE  u'ar..;lo3  ac  fl"Ci:e  pour  ei.aquo  ent  '.-prie  peuvent  Itre  doimees,  per  exemple  5, 
to  et  :X  .••erprds,  aa.ls  il  est  impossible  de  dEl'inir  dec  Unites  prEcises  parce  que  pour  lea  valeurs  inteme- 
ii-iroz  ie  1'a.r  ;lr  do  flocno  e'e  '.  In  conniddration  des  tutre.s  parenfetre-  come  I'allongenent  ou  I'an^e 
u'incider.cr  -.uf  'J-ors  d 't  — lii®  le  t;.pc  Q'Ecoulement. 

a)  J.auf  uai.s  le  car.  dor  alio:;'^  aontn  fairdes  ct  dec  eilar  vrill..'ec,  les  ailer  t.  fnible  flbche  ont  des 
oo:-fi“.rnti:n."  i'''aoul-nerit  ;ui  ont  pratiquement  .nidiocr.siom.eiles  1.4].  'font  ce  que  I'on  vient  de 
ddc:-iro  a-js  les  p/jparprapheE  pr-tcEdents  s'aprlique  done  R ce  type  d'aile. 

b)  1 our  le.s  .-die;;  er.  fleci.e  nitnaticn  cst  boaucoup  plus  coapliqu-'e  car  elle  comporte  un  mflange  inextnee- 
tle  et  Rtq  nr<  merit  iapr.'-.’lci'.le  c'onde.e  de  o-hoc,  rie  toarbillonr  ot  dt  cccoll^aentc.  Cependant,  grlce  k de 
no.’tnr'fusrr  et  prtientes  Etudes  on  soufflcrie  re.oosant  sur  la  tesure  des  r'.'partitions  de  pression  et  sur 
l'utili.'"itior.  de.;  vis..; uiEatior.3  pari.  tnles,  on  .n  .u  obtenir  une  assoz  oonne  coaprE'hension  des  phEnoaEnee 
atr.s  aert:  iuiz  or.s  5 j . 

io  s.c  rr.n  v.'pi  ue  ;e  J ' -.'coulen  ■:  t pour  aes  -.ilei-  en  flecne  n de  ’ *n -les  d'incidence  nodErEs  est  aontrE 
fir-r-e  e extr  iv.  i.c  i'.  I'ezt  une  oonfitairB'ior.  i.  trois  c.nocs.  la  pnrtie  interne  de  I'aile,  du  c8tE 
de  I'easltj.tusp,  il  y a ieux  eiiocs  < lo  choc  de  tite  nui  part  onliqu'’a‘T.t  do  I'apex  do  I'aile  vers  I'extre- 
siti;  et  le  ci.oc  ain-ic.r"  sui  .flaiie  senni bloaent  du  bora  ce  ‘’uit"  ;;e  I."-  section  d'emplanture  et  qui  remontc 
lEqere.aer.t  I'-iooul-.-oont  sr.  e-j  :iri  ’•■jnt  voi'k  I'oxtrEaitE-.  Jes  dev:x  chocs  sc  rencontront  et  so  rassemblent 
pour  foraer  un  .vul  e.'iwC  plus  iritenn^l«  cJioc  exteme. 


/ 
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LorS'^ue  I'incl'itmcM  orott  ctioc  tAte  h#  dt'^.l/ice  vont  I'mviiI  t/iroiM  quo  lo  choc  ftrrl(-r«  aa  tinplooe 
von'  l*anonl  de  nort»‘  qua  l«ur  puii.t  <l*intf->r*;octl(jis  t**.-  r'lfo-t'ooJio  Uo  Ifi  nection  d’onr.laMur^  at,  uu*-  la 
:’r/tciior.  do  I'rdlo  ir*.«5n*J’.o- a par  lo  choc  axlorue  auijjwnto,  Ceci  ant  inT  imporlrjii  car,  ca'*!'o  -jo  aor. 

If  CHOC  oxlorfie  proluU  tUi  J<  coll<*:nnl  ito  i ' qui  an  r^^’h'V  i ,)urqu*hu  fOn’ 

ue  Iciie  (oaii  c et  A Je  In  l i ■‘ir?),  Aiuii  lor«  iv  dMjjcl'ienco  1h  -I'-'coul' ;v!it 

ciocoll^^o  liarrioro  lo  choc  ©xterr.o  a'-'t.  'C-elle  pi*o;To«fivf!r.««nt  u-  l''Xtr'wiif  vorv  1 '.jfi pl;ij.tur”  <ie 

lour  do?’  wi.-:io.’  C*lnel'J«hcc  ex»  *on‘  plu«  ijJev(*H  In  ll^iv-  <n-  d'‘Collpmont  s*avjiCo  jumu'au  bond 
d*ntlQquo  (cb.t  b ila  la  I'l'Turo)  et  la  d'5cjli«'.*  tono  ii  a'or.'.wilMer  cn  us,  tourhillon*  cinr'.f.  a /T'J*de 

Incliohce  l'c^coul'jm*^.*itl  oul  oocir l^toQcnt  docolt  ' et  or/^urara;  i»d  uii  tourhillon  qul  part  lo  i'a;>*x  de  I'nllo* 

c)  Four  len  ailo.‘/  u !ori«*  fl*  elio  h t.ori  d*altin».o  c-Amc  h faiilr  ti.ciufi.Cf , l'*’coul'^ri:.*T.t  a*'collo  aha 
le  oord  d*attuiue  Lt  a'anroui'  j j»ir  fonr*<T  ur.  to.r-illor  A X'aval  uutiu' 1 11  > a rrcolh  r.cnt,  le  -ivcollo- 
fflont  ect  ataoie  et  nior;  or<;-tni.  *'  juji:u*k  cv  {uc^  a uor  inci  :»*n. t.ror  «.'le'/4g^  I©  lu.rt/illor.  -'clato 
au  niveau  de  l'aile« 


JcTipte  tenu  ue  aa  conploxitt',  le  i-Oilfme  :u  uuffetii.,-  a loi»r^.p2ipn  t*t*'  d'lijio  f'vci. 

D*itillourc  trfca  uouvor.t  or.  oo  lir.itai*.  a ar*r*.ctori:u  r le;  circonaifirc'^H  lo  .’tor.  af ; 'irllio:.,  li'<^  or.  le 
salt  A cello  uoo  dcCollcQeiita. 

ActU'.llofBont  pour  concevoi**  •mr  raacljinoa  o;  linlihler^  lea  p^rfondrcicen  cea-'  o rri'Uion'eo, 

on  aouhnito  oiler  plur  l:ir.  ct  ftre  chr'  hle  do  jn'voir  1‘inter.nlt.'  au  uuifotlr.  ' qui  peu*.  .f>  t:*OiUire  ov=-c 
une  confi  ■^irLti•5r.  lonr.  •©.  Four  ccl4  U f«ut  no-vorr  uiii  i.^er  h*::  sopr.irti  u4s  la  ou  ; oint  pour 

3'*crirc  lo  djTioaii -ue  jo.-  .c.r-actun.-::  ot  lonc  conr.al'.re  ce  ?ui  ent  h 1 *o**it.’3-nr  “Ane  du  rjuTietin 1^.-. 
fluct'iationn  de  pro.’sior.  JUi. 

Ce  prol-liae  qui  a-.  rr^'n-Trdil-*  eat  aniiO  aoute  l*ur.  do.';  plu.-  eompliqu qu'or;  -uia::©  irrio^'ir.er 
on  a^^rodimaai  ;Uc  n'o  r *elloraont  vt.'  ou'abord^  juaqu'a  pr  'orr*..  Irn  him:;ro^x  trovuux  #r.  C3ura 

actuello'a''r.t  sur  Ic  rujet  aevT-.i**nt  ion.'!  .r.  proche  av'’i.ir  r»n'liar''r  :e  ^u;or.  aen.'’i.lo  co::rr5J:er.Bijn  dee 
phonoaenes* 


4*1  - fluctuav.vr.j:  de  frosr.lor.  3titu!  lee  couc:.e»  liait^^.'*  - 

.dlen  quo  a*ur*  niveau  tri-o  foltlo  vi.*-«t-vi5  doa  fluctuationr  u»*  piX‘.'!  ion  j'rovo.uar.t  le  tuf:’e‘ir.^ 
lea  lluctuation.*!  de  pres.jicr.  1*-:-  co..cne;3  limite-  .vent  int'-re.'-j^Hr/.e:  4 ••v.;:ier  coar.^  point  'o  coar.-.r'J,-on 
fivec  cellcc  qul  cc  pro-iui.'jort  l**r  i^'COlieser.tr  { p'lT  ailleuro  elle.*!  ront  la  cuu.-:e  u'‘ine  uoiiT.e  jhrtio 
du  bruit  uuro.:;,7.rj3iique  en.T'f.  :r'  jar  l*'.'coal'*a‘-‘nt*  Pour  Ion  coruct -rieer  on  n l*hnuitucc  I’u'ili.ier  t 

• leur  vUeur  ef:'icnce  ^ y/^  p^dt 

- leur  npectre  de  puia.fj.co  G(f)  qui  et»t  lo  tr»tf.r:orD<!*e  lo  Fourier  ce  1;.  fonction  d*ftuto-corr'luti or  R(T’) 


R(r)  = X^^p(t;  f(t,-rjdt 

G(f)  (°R(x)  nuznfr;  <n  = L.m  f p(t,af)dt 

Tr  /a  if-*0  tif  T Jo  ^ 


- lea  corr':-latior*.T  .'ijjotio-tcfjp  orolles  qui  ponLot'.ent  do  ju  *»!r  ue  la  coiv'renco  uo;'  :’i’;ctuh*ionn  e:. 
divers  poir.tc  de  la  norface  i 


R p(».0  • 

I^arin  lo  cas  ce.n  couchen  ILidto:’  non  d'collffoc  Icr  r'.vul'ut.’  de  r.rovr>nancen  diveraer  rn;  roadi  e par 
■J**,  Coe  et  W*J.  Gnyu  [6]  nortrent  que  la  v:d^*ur  ef‘'icac'-  ien  fl.uctuf  tiono  eat  rroportionnrll«  a la 
prencion  dynar.ique  de  l'<5coulem''.r»t  cxt.>lr-ur'*  do  /f-rt*’-  ■'.ic  Oce>  r.*o.et  prnti  juoaei.t  r'oncrion  quo 

du  nofflnre  de  .'lach  (figure  9)« 

II*V#  Lovson  ^7]  avait  proper, •'  une  loi  l^/<7  = 0,0t.i6  / (l  + 0,M  pour  repr>-s'"nter  cette 

d«pendance  mala  lea  r-^juj^atr  obtonus  i H = ^ et  a Aaen  InvaliJent  cette  r'?pr5nentation  pour  den  nomrres 
de  Flach  suporieus-a 

II  est  h reoarquer  quo  lor  toi.lativon  pour  r»*lier  ^ h uno  frar.iour  caraci-'ri.'Jti  .uc  ao  l*dtat  cc 
la  couche  liroite  h l*endroit  do  la  ri'^urt?  (le  frottf-mont  Je  parol  pnr  ex<-'r.ple)  condui  ent  h une  corr-V 

latlon  plutdt  fflolna  Qatlsf/uRantc  r<'r’*Xt  Hto  i7j. 

Len  spoctrer.  d**'ner,^e  qui  Indiqucnt  cooneri  l*»>.or,*ie  ao:;  fluctuation'*  e.ct  repnrtie  .-uivar.t  la 
rtiSr.Q  dec  fr»5qience3  .lont  cori*'!*lL:--  on  te.’T!©  do  norar.-ro.T  do  Ltrouiid  o*PT,t-a-(lire  on  conaidfrant  len 
fr-'quor.cer.  ol  lor:  dcr.  it-'”  npectrrler  r’cuit'--n  ft/v  et  » If, et  q respect iveinor.t  ime 

viteaco,  une  lor^^ueur  ot  uno  pro"'  *ion  caruetdriutique  jo  rdfor-iioo* 


F 
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four  les  couciicr,  liaitps  li  cr.t  conc.Ck:e  d'utiliscr  1’OpyJ.scfar  4e  l:i  iranoh.’  Imite,  la  vitps-o  ot 
In  pres  ioa  j,\Ti.ai  -iC  a I’ext  'riaur  coa-a:  1 raonta  :c  rOauc’ioi;. 

la  fitTare  10  oxtr;jte  de  , oj  iorj;e  ui;  rorultat  typiouc  oaUnu  u eno;-.  On  rcr.i  r uo  ai.  (;or.!l  M-  i.*  i . 
.-cectn.'  vc-r  Icn  1-aaspF  fr-,' jucne^c  ie  rorro  ajc,  la  fomulo  pioiorik  ; ar  !^.V.  1.dw~oi*  _7J 

■Tril  = J_  . (o.ooh  / V *o.y<.  n^)^/  r -<  * f 2^fcf 

<f>d  6 ^ 

r*e  pout  conver.ir  pour  lo£  fr  quci*co  * r 'iuiton  inf*'r*i»  «,»•»  r n 0»t» 

4.05  corrOlntion;:  spati*J.‘»r  oxrloit«>*s  pnr  K«K«  <ull  j .'juj*  i*or:y  nor^.*Ii*>-o 

Rpc  i r,, fj,  r;  = . « (*,'.0.1 

sent  [ r',-s«»r.t-»3  ; 11.  clllor  aoj.'.r'r.t  au'tu  voisiiia,-<?  a t air/  -r  r'f'r  :c  ( f'<d  * ) Ic 

ciau(  cst  isotrope. 

Len  corr -1 -t  ionr.  sp a'.io-tfji;  oi>  lies  oorrer-:,or. a .it  i-':  l-.c^.t.-nt:  ;-  j.  1‘  s,-!.3  :■  1 ' 'a  ; I -.'•i.t 
toujour;-  extr'iiter  ue  .ci  aott«r.t  eii  rvi.ier.-te  f'i.narrn  li  et  1',  I'an**  vita.;-  ; . •••  ion 

li't-en-nei  l vari-.al  - ■ Vr-o  In  ai.-t:j;c-  ft  aui  tend  v :••.  2p  Uoo  • 

4»2  ••  fl'ict-gatloiu!  ae  ; r-rs- jot,  inr.3  let-  acoollenefits  — 

Das  ctuits  for.  .ar.(-:,t  J.eo  or.t  -jt  ' er.tr<'p:-lsos  .tur  ^ -.o-n.-.'  .at-r.’.  .':i".r'lT  .-r  Ocoul  -.eat 

sidiaeruiioiuiels  jlat.  ou  „e  ru-volution. 

0..-'.  Ooc  et  *’.J.  .iiyu,aans  le  out  a’arriver  i,  une  authoae  je  Cil -ul  lec  -/i:  r- ti.n.a  dp  p.--roi  pn 
prdser.ee  ;e  edcolieoent,  ont  •'•tuoid  I'njoi  ap;roroniie  cn  surersotanue  les  fluctun-  1-1.3  uur.4  los  . 'coli  -'racntE 
ei.  uaont  ae  r.urche-  nsoer.n-ir.tes  .e  tome:;  .liverses.  les  rdi-ultats  de.3  aeo-u.-i'C  eff’c/u-Vin  e.ir  ;r-3  ootr  l -.irn- 
tions  de  r‘--/olution  ou  an  ecoulr-nent  ; iar;  rri/er.- ..'s  fi -u-e  li  r.o.ntivr.t  n..e  ler  niv'  -.uc  -p  :'l  .ct- t iot.;;  soi.t 
t.-es  -’levds  opdcialeacnt  au  voi.t:ir.:.^e  am  joints  do  crfooli  a^nt  pt  ue  rceoll'nciit  rt  .,’i.l.-,  .•.•dvoluont  ptir. 
de  fa?or.  seiuiicle  a-»ec  le  r.oabre  de  >iac:.  rr.tro  1,7  pt  ;,o,  les  speclrrs  oorre -..lior  i-r.t  :ux  a?a*'3  coiXitti.-ntici.;-, 
roouits  coane  prccOdeatter.t  pour  Ice  couc-nen  liaites,  sc  rptrro-apor.t  :e  fa^on  si  tinf:  i;;- r.tc,  .3t''.'ci.'J.e,-v;r.t 

vers  les  liautos  fr.'-q-jcr.cec  ifisure  I5J. 

I'anolyse  odtalll-'e  ue  I’effet  -iu  r.oabre  ao  ^larn  :;ur  cos.  :-rectpcr  ir.'!i-;;.e  ar."  -a 'croi.- . u.cp  ae  la 
aensit-t  spectP'J.e  lors'iuc  le  r.oaape  de  «lach  croft  pour  les  fr.'nuer.ccr.  r ' i-ulte.T  ir.f  "rieurT,  a 0,7  et  -uiie 
au,-Qer.tatior.  pour  ler  frcpucnces  superie-jres. 

xUifin  or.  -atilicar.t  la  adthoae  do:;  •oii.-irps  carr-s  J.r'.  Joe  et  ...J.  5jyu  .^6j  aontrent  -ju'il  est  po.-si-.le 
d'atopter  j.e  fonsule  ae  ducroissar.ce  exf or.cr.tielle  po-.ir  rpf-r-'-ei.t-;-  l'  'volutlor;  Eci.title  .len  ari..-.it,'r  -.pec- 
troles  croispes  ce  qul  leur  pemet  d'expriacr  rous  fora<-  aaalytioue  les  caract  '-~isti  ;ues  du  r.r.iir.:  ‘S  nrs.-  ion 
ir.st  at  i onii  ed -e  . 

..3.  liebey  ,.&J  a 't  i.iie  les  fivOtuatiotiE  d»ijir  Icr  ruloer  do  df'collrnri.t.  Drnr,  ne  oa.3  tii  le  roir.t  -to 
ddoolloacnt  ni  le  point  ie  roeon'-a  rt  ne  or.t  fixes  et  p».r  corusc-puent  la  poritior.  a#ar  du  oJ.;;e  ".^t 
susceptible  ae  fluctuer.  Joapt'.  tei.u  ;e  1 'allure  i.JIae  ocr  co.*rre.e  de  -ecoapre.o'ioi  it  er.  r.' suite  .jne 
fluot-jatior.  imjxjrtar.te  le  ):.  pressio-.  u i.iV'’Mi  -iu  recoil  rent  (t'i'nire  Ifi  extraito  do  i,1j).  it"  'xillo-ir." 
I'Ovolitior.  ae  IVpai.s.  eur  de  la  couc.-ip  ae  a lar. -o  cor.viuit  >--j3.;i  ?.  arovoir  ur  aaxiaaa  de  fli.ct  iti.iar.  au 
niveau  du  recolleaont, 

Ur.  t.-,D!p;  car.-.cti;rl.atl--ue  paor  la  propu-Titioa  a'uof  port  ir  atici.  d'une  extr-'rtlt'.'-  ^ I'a-jtte  du  luloe 
est  / /U5,  ^ 'tai.t  la  di.a.-'nr.ioi.  a-j  sulje  ct  I/5  la  viter.^p  de  I'.'coulr-ner.t  ext 'rirur  .nj  iiiv-r:-  . -iu  b-jlre 
(•rites,  c pl-.teau),  Dars  ces  condi'.ions  Kauey  indioue  ou-  la  v.tle-jr  le  ]i,  rr>ue:.c?  r<--.uite  niff/ir  ;ora'e 
avec  la  vite.ooe  a.-.o:.t  p«ur  la-juplle  la  dci.cit-?  3jieotr"le  ert  .anxiaalc,  ioit  *tr»  v-)irine  de  u,-i  c-  yui  ost 
e. fcctive.Tont  oonfirat  par  I'exp-'rience  (fi-itrc  17  rxtr  ite  do 

le;-.  -'tuzor.  cor.cotTf-rt  v:-  cor.fi ’un.  lions  tri -i’lonsionr.olips  d'iles  r--;!!''.'-,  -cut  oeaucoup  pin; 
rocentes  -ue,  los  pr.'oc'aer.tes  ot  loc  r-'a'J.-.tts  r.Joli.'s  sont  ot.corr  trot  peu  roaoreux  et  fr-t^orit;dn,‘r, 

Uar;:  ur.  preaier  tfmp:;  il  e:.t  n-.-cesc-dre  i'*'tu-:ier  1 ' <bo 'dlenent  moyen  do  fajor.  It  bien  co.nj.aftrc 
I'apparitiO'  et  le  oevelopj.eaer.t  leo  ror.es  a*coiljen,  ..a  rof-ironco  ..lO]  ost  ui.  exeranle  uc  oe  tytr.ro  -i''t-j;e 
appli-;u4e  1 une  >dlc  de  fleche  nodt'r,*.  la  eorr.ilttior.  entre  1’- pp>..ritior.  du  auffetia  - ot  celle  -ios  dtcc-l- 
le.-aer.t  y CEt  elaireoent  aise  <-i.  eviaence,  Snsuitc  I'an-ilyse  d-,.  chanp  de  pres  ion  iriOtatioia;.d  rvs  ndcer;  i*e 
1 'utilisation  d'un  ^and  noouro  ao  capteurs  de  pres  ion  ins.t:itionr;dr4  et  un  tr  dtaaoi.t  ire.  joaj.let  et  -,rv‘S 
louTJ  des  iru'omatiocs,  flusiours,  operatior.s  tc  co  iioi.;e  sont  er.  coun-  ucluclioaonl  ot  ots  ;;  "o.-p'or.  .root 
oertuinenent  a a'.tei.dro  pour  ui.  proche  a'eejdr, 

5 - 15J  .iOYi::J  U'J.’Uui  - 

Joapts  ten-a  Je  ia  coaaloxiti'  der.  ph-'noa-'tncs  il  n'est  ja-s  pos  iuli.  a I'nour.'  nctuolle  d'oster.ir  par 
voio  th'orioue  les  c.tr  c'-'.-ir.-.i  :uoo  stnti.-ti  -ue-  ooi-.ue.T..-j.t  l.-s  fluct-..a .loi-;  de  prer-.-.lot..  Lr.-  oo-.-,’.'.is;- -jice 
repose  uonc  s;ir  1' experience. 
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La  technliue  cjnslcte  & njuipcr  la  icaquet'e  ti'ur.  gritan  noouiv  dr;  capt^'ora  de  presaion  inatatlonnnircik 
a uauua  paadaiile  lar>,c  que  uuaaiulra  lap 'ratif  de  placer  L I'endroit  a9nc  de  la  nenure  pour 

;*vlter  -j;?  Ir  car.rlirntior.  d'ar-r^V  dr  la  preario;.  r.*ir.tro;ui!»  der  dephasr-pe;-  ou  ui;  oert  ir.  filtri*(?e,  I'id'al 
^tact  'ue  la  i EPrtJio  aPr»  du  captcar  conrtitur  la  paroi  oe  la  cuauetto.  lier.  que  lo  tri^tenent  or.  tenpr  rucl 
eoit  poo:  iclr  bu  aoin.'.  lor.ique  Ic  iiacbre  d*  jnforcalior.  tsi  petit  on  pr.-t^oit  g<’;n'ralenont  ur  erj»!(pirtrr-aent 
ar.alOtpique  dcs  •ai.j.nus,  ce  qui  pr:rs3i  ult  jriiur'sent  s’effeotuer  taut  lea  dtpauillener.t.:  aoanoitds,  A ee  atede 
le  principal  prool2‘3e  .ae  situe  au  nivea-  de  la  d'flnition  de  1:  structure  jo  la  aquette* 

Idcaleoent  puieqae  lo  •juffetin.’  ert  easei-tielloncnt  une  n'por.se  le  atruc'.ure  a une  solllcltation 
aero.'pTiaaiquat  11  aer-dt  r. -cosaaipe  a’anourtr  unc  par:  aito  : i=ilitu;e  dyr.iaique  entn.  la  atruclure  de  la 
r.a.'.ue:tc  et  celle  ae  I'erq;!::  quo  I'or.  veut  Alu.iier,  in  iOp.-tua.»;'  r.t  dor  qu  -ctioidi  do  coflt  ot  de  dtUnir  pour 
obtetdr  ce  (CT.re  -e  sa-iuettc,  la  . inilitu;e  ri.idurr  jro  e;  t ,^T.  r'Ucaent  inpos  lule  h ri'aliiier,  il  faut  lor.c 
eoaaj’er  de  s*-  rcr.trc  coapte  aar.s  quelle  Kojui-e  w.  r^Vf^iae  ^e  tuffuliiM,  li-a  r parlitior.s  ae  prea  ii.rt«tiori- 

nairea  coci  d.-puncar.tec  lu  iouvexn.t  je  la  juette. 

J.ji'.  i’a  pr'.  rr.t  cette  luectio:.  ::'u  par  repue  ce  r por.ee  dJ:'ir.itive  et  evr.>  rcle.  .'ar.tSt  il  no  aen.ole  pas 
:u*ur.e  =0 -i: icatiur.  cu  za-.e  cc  suc:ora:dui.  ae  3ci;uctte  j rovodu:  dcs  modfiettioru;  a'cela.  lor  nu  rdveau  du 
spectre  oec  pres.  icrj:  u;:r.:  le->  r-'-^lor-  :-'coll-Vs  ,lo  quVlle  inodld'ie  ce  foqor.  trea  r.otte  le  r'-poase  otruotu- 
r-d’  iuatflt  au  contrair*'  dec  c.tpericwntatf.urr  ; i T.al*T,t  qu'iln  or.t  rotrouve  O'ns  le."  cpectrer  er.  ro^dae 

cui'i'etirq*  cea  r:dci  car  .ctvrirtd  ue;  c—  j.o  or  r.tr  .cturvux,  Jospte  tonu  ae  I'daporterce  do  ee  proclonc  de 
noabreuses  rec.erenrs  ,'or.t  actu  11-  Ter.t  “C  cour;-  ui  devrrdent  reraettre  dcic;  ur.  procne  overdr  do  tranciier 
la  ques'-ior* 


0 * dOE*  .u.  ...1  “ 

Le  aocrocrouT;^  e*.  1-  t renal ■>c;;‘.'.t  .sor.t  dot.  pn'r. jser.ee  li^n  h i*  pvaritior.  et  e.u  d'ivel opponent  sur  les 
verdcul"S  a'Ticru!,  ce  coi.e-  c'  lcoul«-nrr.r  - d*'coll'««  Ces  d 'ooll^-aentp  .sort  le  .eiecr  de  renour  qul  prcciuioent 
dee  fl'ict.ationr  ue  pres  ior.  et  exciter  t In  structure,  Le.^"  d-'collenej.ts  .••pcar'dr.-or.t  sous  1' action  des  gra- 
dients de  ires'ica  po.-itlfs  iut'-nai^r,  ils  iouei.t  do..c  ur.  rSle  ir.jKjrtcrt  d re  1'  r? -ine  trreur.  ori  ue  qai 

peovo  ue  1'"  reconpres  ior.’  tree  arut-de  • p,.-;r  1.  r ci.ac;’  ru'il  Tjer.  .re, 

Lee  fluctuations  de  prescion  aon;:  les  dscoll  ■•n.  r.ts  or*t  ure  intercity  jc  IC  a ICC  foi.s  suptricore  a 

ccllea  qui  sort  prdsentaa  -.roiE  let  .coucr.es  lisiter  attac.a'es.  ur.  pr^rvi.'^ion  p-.r  le  oolcul  de  I'intci.cit^ 

■iu  cufl'otirv  r. 'cessito  !■:  uorj.  d.'ssj'.o  cu  asm;.  :es  prec  uaiv  in::tstiorxri  re.s  ce  qid  ent  vud  rrobi;  nie  extrS- 
S'-Oent  arc-:  a storder  p.'j  ’joie  pur-.ser.t  tit'orique.  La  voie  .suivie  actuoldenent  cor:.-i.ste  ^ t'vduer  les 
caracttricti -.■ue.s  statist!  :ues  ou  chant  de  p."e3  ior  er.  l-v-  -.c-urant.  Le  proriane  ui  .se  pose  alors  ost  cel'ui 
ue  sa-roir  oar.s  qurlle.s  oon.itions  let  re.evis  effec  uet  au  courr;  i“:  oxpcriet.ces  Rjr  ca'"ret’.e.i  sont  rapr’senta- 
ii:s  de  ce  qui  .se  pa.-se  a I'-icr.elie  rsel.e. 


4-9 


LlJ  - K4JiY,  J.i.  I 

^cyoBd  the  ouf:'et  touncary. 

Acror.autiofal  Jounjil  !;•  74ti  t «pril  73. 

A.&.  hf*i  Qiji /ar-p  jf.n.  { 

Iiivectityition  of  uerou;-n.-jrac  .ir.ali"io  yrooloss  in  tnini:onic  naneuve*^' 

-/3u  Inrs  4/ J 3o  .tpt  rUjJ  - J Vol.  1 | -^ept.  71. 

i.3j  K.;U  ; 

doac  effect,  ut  t‘.e  nhoc-:  one  r^ar  3ep:.rntion  of  turt.ulenl  ooandury  liiyera  in  transonic  flow 
pact  uerofoila. 

..  a:  i;  :.®  MOb,  1^^59. 

;_4J  — j..  . t 

w03k-  notes  or.  lijc  nt  r'o  .;.t.:jtic  j.ronlets  -.a.-ociiitotl  vritii  t o phoi.OBenon  of  suf feting-  | 

.eca.  ;/3:to.  Aero.  I^rr'  1 r'et-niaiy  71. 

^ r..-..a.  and  .ow...  x.*..  { 

j»i.  ir.t.-oiictior.  to  tr.«  !lo«  aaoot  i l:o.e  rwept-i  ack  -vin,-5  at  trx.-’Onic  speeits  | 
of  t..e  .lo;-!.!  Aeror.a-jtio-u  .or  ty,  Vol.  64  | A-j<*ust  bC. 

^ o J “ .Om.  ..r  . and  . *4' . a .4 . ( 

rreo-ra.*'*  - tluctuatior.  i:;f  otr  and  r^rpanr.o  of  pu.cis  ui.ilerXying  uttachc-1  ar.i  sepr-rate-l 
2ui.rcor.ic  t ntilei.t  lo-ur.uarj-  layerc  ; 

AXa..^  >11'  ; let-t.  7d. 

j^7J  — LOuACl..  iil.,4.  ; 

rreiictior.  of  io-r.;rir;  l;c'cr  treasure  flictuaticiis  ; 

.TiL.*.  ..A.*  j.'^.  a'.-.IcL.  At  .-.A.  ~ fit  * '.7  * 167. 

^ S j * '..K.  S 

*(ili-pre  • .ure  fl  uct  uulioii.-  a.:,  ocintea  wila  sut.-onic  t-ir:.  iler.t  lo-aa  tary  l ayer  flow  ( 

J.  fluidn  ;-.ec.'uirJc2,  v-ol.  tit,  p.-art.  4.  pp.  719  - 7>i  j 'icit  67. 

;.9J  - nA-.-.Y,  a.:.  J 

rrea  -ire  ■.'IviCfuatiora-  C's'ior-'i  oy  se..(.rutod  oubile  flo-«j.s  at  subsonic  speedn  | 

.lAi  ...  71  lot  I AU.-ni2t  71. 

jej  - >.  ani  .r-A-n::,  . . j 

ue  uuf  etiii  d’uns  -.ile  er.  flic:ie  en  trens.-oi.nue  | 

10t.ae  collo-ue  d*a'-."0  2,vr.iai*.uo  appiiqu-'e  ce  Ic  AAAi’  | .•;ov.->abre  1&73  (to  ue  published  in  the 
"A''roi.:-.utieue  et  A.etron- utique"  Joun..-sl). 


MO  M^AMATIOM 


4 II 


LEAOtNO  CDOC  LMMNM  SEMNATlON  tUMLC 


I 


MO  UMMATtOM 


ClAOMO  tOOC  MMAATIOM 


SHOCK  IMOUCEO  TUMOULCNT 
UMMATION  tUttLC 


SMOCM  IMOUCCO  TuIWULCMT  UW^ATlOM 


COMtlNCO  CFfCCTS 


NOSCPMIATtOM 


MMU  UFAMATIOM  tUMLC 
NAVtMt  MO  irriCT  AT  TMI 
TIUtktMO  cool 

U$tTME«SfriM^  Cl 
WT  OtVIMO  AM  AAAMCCIAOLV 
TMCKCM  «CNC 


- OMOOLC  CXTCMOMO  KTOMO  TNC 
TMAH.IMO  CDOC  IMOCR  MOVU 
AFT 


-*  SHOCK  COMTiNUIS  TO 
MOV!  AFT 


umR  SUMfACC 


TMC  OAOlMATt  OF  mSOUK  FOM  TNI  LOWCK  SUMFACC  IS  A 
IMMMOM  WAOC  OF  THAT  FQM  THC  UMMCM  SUMFAa. 


K 


I 


MO  SCFAMATtOM 
SMOCK  Moves  AFT 


SHALL  SCMMAtlOM  OUtOLC 
HAFIN6  NO  CFFCCT  AT  THC 

TMAilMG  iOOE 


LAMSCM  lUMLC  CLOSCP 
UMSTMCAM  OF  TMC  TMAILWS  COOC 
OUT  0«VfM«  AN  AMMHCCIAOLY 

tmkkcm  wakc 


•UOOLC  CKTCMOtMO  ICTOMO  TMC 
TRAH.INO  COOC  SHOCK  MOVCS 
FOMWAMO 


CHOCK  Moves  FARTMCM 
FOMIHMO 


LCAOmO  COOC  UPAMATKNI 


/i  \ii-c  7 - j' I'  i;j*.  . r..:,:vr< 

in  l?j  r'j  '.r'.it icr. 

-:e  proa  ij;.. 


4-12 


ATTACHED  FLOW 
M0>2.O 


’i  uro  9 


van.r ' rnr  c 

V'l.r-ii  i.'.e  . 


•'lur.  m’.io!-.: 
"0  1 i 


. ^11*0  1C  - 

•.iir-  ul 


‘i’-.o*  j.’.'.lm  .jo 
.p.r  \X'* 

'i. 


X 


0*«  I'M*  h*.fOMm 


r i -arc  V.  - fb  p'ortitioru:  da:*,  praa^ioic 
atatiq'jar  at  dcj  vdeom 
a:  : lcneeJ  leu  :l.icVa:itlora^  4c 
nrau.’ior.  i'jjv*  Ic  a'-coUcjr.er.t 
cn  r*Don*.  'ie  acoor.vjv.tcs  .<>!♦ 


Vl.rur*  1i) 


•poct.’^u  ion  riuctwiMoni  do 
pron.  ion  d*xu  le  d-'coUfW;nt.  on 
nror/.  :o  a.rcnyn  ar.c<  r.dintcu  O]# 


constant  missuM 

SMCAt  LATER  RARiO  RRCttURC 


lO’®  • 
10*^ 


SCPAA&TED  fto* 


f8/u 


>«id 

1.0 


Aixciurr  cynmc  assronss  associates  oith 
nvcTUATcis  run  miss 

by 

J.  S.  JOIMS 

Rnyal  Airemft  Establlshmant 
p<»afor<l,  Englnnl 


5-1 


SCITARY 

An  icportant  fcitur<'  r.f  sep-irat-  1 flo«  fiells  Is  their  charaeterlctic  unsteadiness.  ^is  lecture 
is  Bsinly  conccmci  with  the  interacts  -ns  betwe‘'*n  such  fluctuatini*  Tlow  fields  anl  the  dyna&ic  response  of 
the  aircraft  structure  gencr.tlly  known  as  buffetine.  A basic  feature  of  the  ayna*ical  analysis  cf 
buffeti-v  is  the  clcsei-loct  intoracti  n between  Uie  fluctuatin,:  fluli  rotion  ani  the  iction  of  the  wing 
surface.'  The  rroblei.  cf  fornulatin^  an  approfriate  theoretical  coiel  for  structural  buffeting  is 
discussei,  together  with  tae  analogous  situation  involving  response  in  rigil-bo'^y  nodes,  including  the 
oscillatory  aoticn  known  ar.  sir^;-rcckir.g. 

In  illustraticn,  buffeting  Beasuieccnts  obtained  fror.  fli(^t  tests  rf  a coebat  aircraft  are 
presented.  These  illustrate  the  corplexiti'  of  the  structural  response  in  terms  of  a wide  range  of  vibra- 
tion sv'des.  The  Bclnl  content  varies  both  with  position  over  the  aircraft  and  with  degree  of  penetration 
beyoni  buffet  onset. 

ether  fli{#it-test  neasurecents  illustnte  the  characteristics  of  unstei:^  pressure  fields  on  a 
buffeting  wing. 

In  the  case  of  aircraft  rigid-bo iy  a tlons,  the  possibility  is  discussed  of  relating  those  unsteady 
characteristics  which  adversely  influence  hanlling  ijualitics  .and  tracking  ability  to  .quantitative  pera- 
Bcters  in  an  analytical  Eodol. 


1 . rriRoaucTic:: 


Previous  lectures  in  this  series  have  discussed  the  fluid  mechanics  of  aircraft  stall.  In  this 
lecture  «e  shall  be  concej-ned  with  the  ranner  in  which  the  characteristic  unsteadiness  of  separated  floe 
interacts  with  the  lynacic  properties  of  the  aircraft  to  produce  fluctuating  response  in  both  structural 
and  rigid-body  modes. 

ever  the  past  few  years,  problers  of  buffeting  behaviour  and  handling  characteristics  at  hl^  lift 
have  received  increased  attention,  particularly  In  the  context  of  EAnoeuvrabllity  cf  combat  aircraft.  Aa 

a consequence  of  the  occurrence  of  regions  of  separated  flow  on  the  wing,  the  higb-g  perfoimance  of  e 
corbat  aircraft  Bay  he  limited  either  by  vibration  (buffeting),  mainly  associated  with  structural  flexi- 
bility, cr  by  degradation  in  handling  characteristica.  Fbenonena  in  this  latter  category  include 
•wing-rocking’,  •wing-dropping*  ani  ’nose-slice'.  For  exarplo,  Fig.1  illustrates  a ^ical  penetration 
to  high  nomol  force  coefficient  0;?  of  a fifditer  aircraft,  such  as  night  occur  during  a ’hlgb-g'  turn. 

Two  lyres  of  oscillatory  response  are  apparent.  One  is  In  the  filtered  wing-tip  acceleration  trace, 
predosiruintly  at  the  frequency  (of  order  10  Rx)  of  the  first  aymretric  wing-bonding  Bode  and  known  as 
buffeting,  “Sie  other  Is  primarily  in  the  roll-rate  trace,  at  a frequency  of  about  1 Hi,  in  a rigid-bo^y 
fluctuatin  ’ motion  usually  referred  to  as  wing-rocking.  Both  types  of  response,  one  in  a structural  and 
the  other  in  a rigid-body  mode,  are  asscciated  with  unsteady  separated  flow  eonditionz  above  the  wing. 

As  aircraft  speed  Is  increased  from  subsonic  into  the  transonic  range,  the  angle  of  attack  at  ahioh  these 
undesirable  features  occur  tends  to  decrease;  indeed,  at  transonic  speeds  stendy  conditions  say  not  exist 
even  in  the  case  of  flight  at  1 g (straight  ani  level  in  the  Bean).  Since  such  fores  of  fluctuating 
r.ction  clearly  have  an  adverse  effect  on  the  manoeuvre  capability  of  high  performsnoe  aircraft,  it  is  of 
great  practical  interest  to  be  able  to  understand  and  predict  these  characteristics. 

Historically,  work  on  buffeting  dates  back  to  the  Invastigation  of  an  accident  In  1930  which  lad  to 
winl-tunnel  tasting  of  tail  Tibration  at  high  .an^es  of  attaO  due  to  imrerslon  in  the  separated  stalled- 
wing  flew.  Crigi.aolly  the  expression  ’buffeting*  was  applied  to  such  tail  vibrations,  and  early  work 
concentrated  on  what  we  non  call  'tail  buffeting*.  Subsequently,  interest  shifted  to  the  excitation  of 
the  wing  itself  by  tlie  fluctuating  st.alled  flow  .above  it,  and  this  is  what  is  currently  me.int  by  the  term 
•buf  f-’tlr.g* . Fore  recwntly,  in  the  context  of  iranoeuvres  of  conb.at  aircraft  at  high  subsonic  speeds, 
buffeting  associatei  witli  shock-induced  separations  has  becore  of  primiiy  iirportaace,  A rolatod  problem, 
raln'y  asscci.atad  wlO.  work  on  high  t orforr.ance  compressor  and  helicopter  blades,  is  the  oscillatory  motion 
of  p stalled  wing  In  such  a way  that  the  natare  of  the  flow  sepa.-ation  differs  at  different  instants  in  the 
cycle,  possibly  saitciJ.ng  fror  att.-jo’iod  to  .se,  aratol  flow  or  from  a leading-edge  to  a traillng-cdge  stall. 
This  phenomenon,  known  as  otan-flutter,  la  usually  associated  with  a Barked  torsional  (pitching)  wing 
motion.  The  affinity  between  bufreting  and  stall-flutter  has  been  discussed  by  FUngl  who  pointed  out  that 
there  s.iy  be  situations  where  It  i;  difficult  to  r.ake  the  distinction. 

A basic  feature  of  such  fluctuating  systems  Is  the  interaction  between  the  fluid  motion.  Involving 
separated  flow,  ml  t’.e  n-  tion  of  the  wln<’  surface.  Tie  distingjlsh  between  two  cases,  differing  in  the 
nature  of  this  interaction.  Th«  first  w»  r.afer  to  as  a FOSCSD  VIBRATION,  This  consists  of  an  Irregular 
random  motion  in  which  • turbulent’  pressure  fluctuations  which  are  independent  of  wing  Botion  produce  an 
aerodynamic  driving  force,  the  consequent  motion  of  tbo  v.ing  producing  an  additional,  additive,  BOtlon- 
depenient  pres.-ure  field.  'Tie  .nrpTOpriate  analytical  model  in  this  case  is  'non-autenomous* , Involving  a 
ranlcm  forcing  terr.  explicitly  expressible  as  a function  of  tire.  Tbe  theoretical  model  describing  thw 
wing  motion,  for  a proscribed  rar«iom  force  o’"  excitation,  nay  often  take  the  form  of  linear  equations, 
-'owover,  non!  ine.'irity  plays  ’ui  essential  role  in  an  ovemli  view  of  the  situation  a.a  it  dominates  the 
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process  of  ener,-y  tmasrer*  rlthin  the  alr^oe,  by  which  onerQr  1ft  ertractei  fpor  the  rein  floe  end 
channelled  into  the  fluctuitlons  -.f  t!;e  norodyniaic  driving  force. 

The  seconl  case  re  refer  to  as  KCSLnSAH  TU’TT'a.  Here,  oor'-or-lecs  recular  oscillations  of  a 
stalled  ■ inj  occur,  in  rhich  the  ti-  c-»  ‘tyin;;  pressure  field  1>  essentlaily  detcnslned  by  the  past  history 
rf  ring  notion.  ^he  appropriite  ''mlytic  il  nodel  is  '^-utononous*  and  involves  no  significant  teres 
expllc'tly  expressed  as  f uncti' ns  of  tine.  This  tyjie  of  notion  is  also  known  as  n limit-cycle,  and  a 
non-linoar  malyticil  !.;cdol.ic  essential.  It  includes  st  ill-flu' ter  as  a particular  case.  In  contrast 
to  'forcel  vibritinn*,  tJic  nonlinear  r.echanisn  02’  energy  tr-u;jf“r  froir  the  mean  airflow  now  involves  the 
rotien  of  the  v'.n,;  ir  alditlor.  to  the  unsteady  notion  of  the  air.  The  essential  difttlnction  between  the 
t.;o  phcnocona  is  tint  in  t!.-  forrer  u is?  i » nay  sy  th  it  the  r.ing  motion  is  'forced'  by  the  fluctuating 
firs  fiall,  r.i-.orsis  in  Uio  la*'.->r  case  'he  joint  ration  of  wing  anl  flow  fiold  arises  as  a mutual 
interaction. 

In  sore  situiticrs  the  aiplituie  of  ring  notion  is  « relevant  paraaeter,  isotion  of  small  srplituds 
lo'vin.*  the  tu-bulcnt  fluctuation;  i-.  ti.e  separ  tel  flc-  si-ilar  to  those  tn  t would  occur  in  the  flow 
past  a rigid  ring  but  le.a'in*  t'  ’n  iVitivo,  retion-dopendent,  ; ressuie  field.  As  the  amplitude  of  wing 
-otion  Is  Incre-.cei,  heuev-'r,  tiiO  pot.-ibil  i ty  .arl.e.'  o:'  t!;e  'entr-'innont'  of  the  largei— scale  irregular 
flo..  fluctuations  into  a de*'’it.lniatic  relutic-ship  with  liie  wing  Bcti'-n,  '^is  type  of  resonance  is  of 
course  sect  likely  if  tii ' fre-;ucncy  f wing  artier.  'Ctrauhal  nusbei ) is  close  to  soae  n iturul  fre.^uenc.  of 
v.  rtici*  • rholiing  in  t..e  soparatei  flea. 

•kils*  i'  ic  cus'on.ry  to  iv  -;rd  sing  .structural  buffeting  as  an  aerodynanically  forced  vibr.ation, 
in  ..i.ic!  til  - forcing  iez—  cm  In  ; rir.uiple  b"  rbta’noi  fror  • e^,Burrrii-nts  on  a ri -id  win;,  rxirr  basic 
rcs'ii-cii  i..  r,  ..-■.roi  's  Ictoriine  the  llstt.'  f up;.!!  c-.hility  of  this  approtc.i.  Svi-r  in  cases  where  the 
buffet. n.  ..in,-  *s  ap-.-o  x-i  i'oiy  rc  — rlo!  as  aerouyn  ir.ic  illy  force!,  the  relctioriship  between  tne  forces  on 
the  struct-r  .'!;.--ro.";rnilr.g  ■.ir.g  a.ai  'n  a -tenretric  illy  sirdlji-  but  rid!  wing  is  not  necessarily  str-ilght- 

fo2-sii-d.  In  particulux  , ti.erc  i-  tne  ;ocslbiiity  that  the  notion  of  tiie  ing  r.ay  Interfere  with  the  non- 

ilnuar  p.  aeoos  by  -r  id;  "ne.-ip'  "s  tranif’-r.-asd  fr  r th.-  ne.ar.  flow  t<  the  fluctu-atini.  fluid  rotion  an!  thus 
dolif;-  the  rt  itis'.ic  1 eh  ractri-i.; ' ics  cf  the  an  tyn-m.’c  exciting  force.  '5ie  cl  rifieatlon  of  tlieso 
t- "icr  is  "f  consider  'le  -ir  cticd.  i pert  r.ce  "n  t'nat  they  det-ra-lne  the  cii-curuitancee  in  which  rigid 
in!-*.  II rel  colais  r.\-  be  use!  -s  t’.o  b sis  ‘’or  "stisation  of  Intensity  of  buffetin'  cf  full-scale  .airci'aft. 

•HI  aa  ''  g>  u.*  p.-»itles  co.a  mir.'ng  f .e  oheio"  of  a;pi-o' ri  ite  tiieor-tio  1 r.olel  cocurs  in  connection  with 
sir.g-ruckin.g,  Chciul!  a stitr  -f  sic  !y  s' t '-r'-c'-ir.  be  rog-x-de!  .as  aer-idg-n . -i  call;  forced  cr  In  tenss  of 
linit-cyole  oscilluf  .a.a  'f  d .••e’-lccp  cyst  — x'.o-c  -otion  j*ec'ilns  b'u'unded  tiwougi.  the  action  of 
1 ■ tu '.-'-iepc.'i  !ei.‘  -.online  »•  forces!  In  ti."  1 ;*  t -r  oas  ■ • ur.ifie!  ‘reitment  cf  ring-rocI:ing  ani  the 
livargont  n-ti  .ns  k.ao.;;.  .s  's.i.i  — 'rop-ing'  ani  'r.cfte-.al ice*  nag-  be  po.ssiblo,  the  distinction  ax’liing 
pri:  ii'lg-  In  tin  ‘.ur"  t;.-  Jr.  .'dlrr  x-^  forces  at  lax-gc  inslltude,  stabilising  ir  the  case  of  -.vlng- 

I-  chin  - bus  no  in  *'.c  o'-ho:'  c -ses.  .\n  i pc.u  mt  ai'ea  r.2'  Current  wsxd:  is  the  det  rr.In.ali'n  f 

-rs;  ri.  .to  ea  x act  iris  tic:  tl.  's  -a  .•  b’  'der.'ifiud  usi..g  nini-tunrel  models  to  ir.iic  .to  tiie  o.nset  rf 

v.i.ng-rrsid.ng  of  the  full-sea’  • aix'C.-ft.  ’'•c  typos  of  crlteri  . e.-e  possible,  oro  basod  on  the 

a e-.runce  of  a si  a.'f ic mi  r-  .-.d*  - "I’l:"'',.''!*”  co-por.cat  'n  the  aertilg’n  .T.le  foi-ces  (or  r.o'rer.ts;  and  the 

c'sicr,  base!  or  the  ’"S  .g  c.-r,or.or.t  f 'ho  aar-dyna-ic  force.*.,  inilo.ting  eithar  a lo.-s  cf  dg-naric  stibility 
for  ssK.ll  perturb  i tin  .IS  abo-t  ; -~.e  h!-;,-l'ft  egu'llbriur  c«'ni'tior.,  or  a loss  of  e rsi  libriur,  due  to 

asg-BTCtry,  ?o;  rxatplo,  one  right  <‘Xi.nct  tV.  ap-Cii-mso  of  fliictuatii.g  frrn-jr  or  norent.*  on  r.  Pigi  ilg'- 

si'unted  rir.l-tur.  el  -odel  to  corrtlt*."  In  -aaeral  r' th  a ig-nar'a  situation  »npr; , rintaly  rcdollo!  as  on 
aerC'iynat.ls  ill"  forced  vibratior.,  Ccnvoi-solg’,  -..e  night  expect  th“  reasurcr.e.' t f near,  aero Igir-a mi c Toecea 
that  in’ic'te  -.  't.s  -f  dyn  -'c  .-t.bllitg'  or  e 1 ' bi'i'j-  t,  correlate  with  a V’toic  diV'*rgence  cr,  under 
the  aati  n f a'-ro-rl  ite  .a.-  li tui.e-icpenlcr.t  forces,  with  fluctuatin.'  rotion  of  tlie  linit-oycle,  or  nen- 
lir.cT  flutt-'r,  ty^c.  Hvwever,  exceptions  to  this  assoc i' tier,  'f  onset  criteria  wit:,  tg'poc  of  dynamic 
motion  car.  cccur.  ?cr  inst-ance,  the  ar p“  ri.nce  rf  ranlen  fluctuating  forcio  on  a ri.gidly-m.aunted  model 
r g’  ccrralatc  with  a dynmic  situiti-n  in  w.'.ich  the  fluctu-xticnc  In  trr?  flo.;  f iel  1 become  iet'rir.iniatlcilly 
reluted  to  •..•Irig  r.oticn,  leailr.g  to  mnli.aear  flutter.  ” rer.vop.  It  is  pu'te  pcsriblo  for  the  two  typta  of 
criteria  *c  be  r atisfie!  si; 'jl'-neously,  fluctu.ting  aei-o-lynanic  forces  occurrln.?  In  conjunction  'with 
ie.atabilis ’ng  ch  ng-’a  "n  th?  roii  feroo  or  *-orent  emvos. 


?. 


*t  r?  ^ZiC’.7 


A cu-aon  elcrei.t  of  the  bu.TetIn-  ml  --ing-r  okin-  phenorona  d'scus.ed  In  *i.o  pi»!Vle;js  section  is 

the  inteiT.ctlrr.  het..'0“;i  tl.c  u-.'eudy  flui’  -oti  r..  Involving  soiaritcl  flc.-,  and  th?  noti-n  rf  the  '/ing. 

In  tills  section  we  cl  aril'.'  tie  .-.yr.  in  ..hich  a rft'-hc- .tioal  foimiulatlrn  f those  a.al  rei  itel  phenorena  ray 
be  mile. 

u'e  be  in  bg>  con.-idorir.  • 'he  iniZu-msc  cf  tire-v  ryir.  - bounl  .ry  c't  1 iti-rs,  ap  lied  it  the  suxd'ace 

of  e win-,  u.ocr.  a i-ct-'llm  a’  .^1-..  fiaM,  '•  • case  - c n be  distin -uIe.c!  : 


(a)  5 nlr-  flo..  ficll 


Substmtially  ilffer-mt  .‘•1~-  t 
b-unl  iig'  cor.l'tions,  TIiUu,  cori'cspc 
corpatible  fl' ..  fid  In.  ,u ur.titati v- 

and  correl-.tiens,  "f  such  e fa  dly. 


•;  hi.torlcr  folia.,  fror  no-r'.nallg'  ‘dentic  l re 'li cat ;r,r..'i  of  tha 
in  - to  i-.'er.  b'.un'  i~r  coni' tions,  iiiej-c  eacicts  a rhelo  fanily  of 
■i!  ly:  is  I.'  oncer..  iti.  rt'itl;;tic  1 pixjp.’.'txc  , S'uoh  fis  neans 


(b)  Detenslnlstlc  flou  field 

■^e  flow  field  t arg'  inataiit  le..cn  is  uril  ^uely  up  an  **.-  r-ist  histoig*  ol‘  bxnxnl  ry  cc.nlitions,  A 
sepux-ited  flow  field  f'f  this  ty;e.  ic.nonis  umn  the  rrio.-ig  sheuUng  of  vcrticilg'  fror.  the  bouni'uiy. 

In  fae  abov»  d'sfnd.'on  betaoer.  ."inior  -mi  deVi- i.uistic  flow  fields  tlio  ti-e-varyir.g  boundaip/ 
cor.iitior..*.  icny  eit'-.-r  be  ort'*iT.slly  i-pr.re>,  by  forcing  t;.e  ..in,-  tr  follon  seme  • rescribed  ti.rn  hiutoW,  or 
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C-iy  an&c  ♦ju'OU-K  tlia  sti*uc*-Mr'(l  resofncr  nv  r In/  •■o  n Ic  forcer.*  Tn  *ije  latt»'r  ctoe  the  •.:in^ 

Totl^n  beco"cr  » nc  o*'  «ic  ir.  in  tiic  lyn.ric  e ;u  - 1 ' .0  c-  '.  Q heva  a •clocot^loop*  Interacti'.n* 


The  Int.’ncticr.  betw.een  i'luii  nsolior.  and  ain  -otior.  r.ay  '.c  '.oscril.ad  in  •aystora  •ir.-iyniE*  V’rcs 
(PiC*2).  The  si  flo.-t  •c>sai-?oo!  • syatra;  r<-.xesent-.Lior  •ii-!sea  ..hen  tec  flc«  field  is  liotcrr.iniitic, 
leper: Un  - uni  juely  < n li.»  • ast  hlatot>-  ef  vrin^  r.ctl  n.  Ar.  ' lusti-.tc  1 in  Fi  ;.2r.  there  .are  in  this  case 
two  Inlepenient  det'r-ainisUc  rel.ati' r.aliipc  b*>trepn  ‘he  c'n.-  r' ticn  -snl  the  .aeividynarlc  f"rce  (a  /er.-.-ral- 
isei  fcrce*  an-ropriate  to  the  neie  .f  re.a*  on.  o in  nuerti.-n*  t-hinj  the  font  of  a uoiff.toi  inte/ral  l4' 
presrurc.'  ov.'r  t> " stnicture,'*  fne  rol.itl 'n.a.; p is  olit'lncd  fror  ‘he  ecu  ,ti  nr  of  rotien  of  the 
structure;  'ni  since  th"  flew  field  un'-utly  iejeniorit  upon  the  p.a."t  h’.rtoip/  cf  .ain/  rrtien  we  em,  ’n 
prir.ciple,  lel-ce  a re  oni  .'vlationri.ip  bot..'o»  .in-  n-  tion  in  i "rolyniric  force  froa  the  eipu  tloar  of 
20 ticn  for  t!;e  fluid,  ?'.  ■ J' in*,  tlrr  v .r'  itirn  i'  oln;  cot'.or.  i:  ‘ aot-  lyn-Tic  f ree  s.-ty  then  be  doiucod 
t!;-t  co-p’ti.iie  Kith  f.e.-.e  t - ir.i-pir,’->r.*  n l-iti-'n:  hips.  .-loco  i-loop  ^ator  nay  be  t.'; 

ar  • 't  tenruw*  or  •so^i'-rxe*  tel*  ai.l  the  rv-ti'..  t.k--;  the  forr.  f li:**t  cycle*  '..liilr*  t.h  - c tr'-ctu:-.! 
rerpor.se  c ui  ■ I't'-.-i  -a  le-pi..  t-'i**  ici‘i’'.e  i ‘.sir*  lir.’  r o-p.  ti-r..  , ‘lie  f'.-'t  th'it  t'ro  fu-.cti-^nal 

rel  itir*-r  *'r  exist  bet.ae‘*r.  icr*<  h'r.aric  f.  re-  ;r.i  ni.n*  ...oti'-ri  ra:  p-ir'-s  th..‘.  the  ‘oro  lyn'.ni  c fo*  ih  a.  loo; 
be  ronli:e  :■  'i..*  x.  .i. ie  triviii  cis-r  t:.-  cl"ro'  loo.  fluctu  tlorc:  t‘i>.c  the  fTr  ■.!’  simiscilal 

sciliations  o;'  I'ne.r  ;;y:  tor.  in  neutr.l  • i i ilriu*  ) * • .*111  .•of..r  to  all  such  tp*.  •:  of  r tiT  as 

::  -"r  S.C  FUTTis* 


A .‘eci.r.’.  repr  erent  itl' 


ii'.tc:". -ti'.n  bet'.7Pon  fl.*i  ! r ‘ l‘  r.  'c."*  . i"  * *.■  ti-**.  ri  ac.  in 


where  t!;"  flc..  f'el'  "r  r-n!'- 
rctl'-n*  The  ppn'i  i-i  v*  r •: 
.f  .i-.x)iy:  -r'e  f roi  :•  si.  . 
p'rticui  ;•  s- . ' f f 

'i  ■*  ?r  h • . -i  iri.u  i I'acJ 
rysto  ni.ijh,  ieft  *..  itr.-if, 
Inicpenl -.-.t  cc.-  pcr.  ,:/  :icr- 
r ti  n-icp  ■ . V.at  .-’r  - i.-’r  -i 
tse.f  pro  .c  ■■  rclf- -v-i'-'i 
Pom*  i_  . -rs.'n'i  r.ilti 
b"  iii  - a.is‘ * 
requirol  cr..-.aopf-  I';.'  if  ■ 
vi.bratict:  ini  ncnl’no  r fi-..‘wt 


-if.o.rin  fi-.  ti  o-hi-t^  ■c.-  fed’  ..In  • fi- • i;e,-.*'  1 !•■  I’s.f  ; 
‘-••r  for  rul  1 tloii  the.**,  tie:  “•  foiT  ii’ustr*  ■ ‘ ' i.  ’i  '.fb  -..'.era.  ' ' 
.*;  r.’par  to;,  - tw  !ctotT'-.oi  '.y,  a-ii  r;  '..;lo  ■ ’.-rnt  f,  it  ■ r..^  ti>  i. 

ul.;tlt'.;  • ...••  be  ii.  tinriu ' ..i.ci*  In  t-  - fir  t o *..  ccr.i  :i.  tio:.  ' 
f ; tr‘*ct-.ril  lerponrc  .ir.r  ncti- :i-*.e;  .tnlci.t  a-.'  iyr.  ;:ij  rc-  f- :•  r 
■.cull  ;<t*tl‘  ! .-.r.  to  a rtate  of  e ;u' lihi-iui  * ‘r  ; cnjur.ctl  n 

ric  this  is  the  FCRCZD  ’."ii?.,.?: iP  1 f r in'.  ;•  ctl  • 

:;;re  r.a;  b-  .ine  .r  or  nonlinor*  I;.  'h‘  s.ajft.i  t for ’hr' 

rciii  .ti  * ....  (f-i*  .;..lch  nonllnc  ritp.’  "f  *'.e  r.oti  ii— iep  ; ient  -or  : 
r'  r.i  o -.•i-.-a  tho  .' ituation  cf  n e;  rvn*lai''y  an  tor.  ■ ...  -p-  *.  i 
i ' ■ ■ th-  roti c il  rolol  is  at  'V;  •-.-it  littlo  usoi  "r.  ,r  ilc-c  i *. 
i. -.  io  c-r.s5  ier  a continuous  tr  insitior.  tet.v.;cn  • crodyn-.  Ic  .1'  ■ f..;- 


*..1"  c ; e 
.;  Lf  ..in/ 
c'  pot.onts 
7-  o 

.t.iic  -ite  i 
a ct  bit 
the  rt'tion- 
..  The 
I'C.- 

;■  tu.  i.e ' 


In  pr-.'‘is:l  -ii  Vc  -.1  - 
eftor.  2-.lo  ti.ici.  ro.uii',  c r-fu 
ip-r.  ;rdc  exopt.t*  n,  t.  'rf.ltn 
fror  r o 'sur-cwc.; or.  fi.xe’  i 
r'tirr.  but  re.uijx-c  v ti^r 
i’l„ir  tc’  ‘n  -'•.•*?b  ir  •’o-ic:. 
;po.-.or '.ter* , ‘dao  I ' '!,  "id  1 TiiC 
or.  the  :ctn  -.r  l’tui  r trust 
it-f*2,  uh.rt  't  . invoke  1 -r 


f • h.  ft.rcci  *r.br  tier,  uc  ici  '~i  *7b)  sev.;*-.!  r ar.-u  ;tl'r.s  are 

i -- V stij  iticn*  In  tne  first  ;1  ice  '*  Is  u.  u ilV;  .s.-  '-r.-i  t..  t ‘u.c  <cr'. - 
iu.-:.'cnt  a '-rxidy.a  .r  i 0 force*,  is  rv-1  .tiv.*ip*  i‘c  b-ni  -.r.'  c r.  le  chf-ined 
, H:'.  a.-.vu.-pticn  ~ay  he  Justifl..b'  ■ fn  lo..  i:.pl!  i*'cr  '1'  ■ tructur-  i 

‘i.e  /por.cril  cas-.  For,  i-.ilst  tiic  .ai-r  Ip-i.c  i c c»cif'.*o.n  i’  ‘he  si'ste;. 
lent  in  the  se.asc  that  it  .c  y be  rep  riel  'c  n ’ext- i-.v  .1  noise 
:i.?Z~.Z  'rurh  is  po‘.vec  speotr  1 iensity  ) af  ti.is  for.u  i '-y  i.-.  f lot  dep  .r.d 
i.  '.y.tion*  This  possioili^-  appears  to  h- ve  be  r.  firrt  dio-.-utrei  ii. 
c:;itlc  xpl-ji'ticn  ef  a treni  in  the  cxporirenlal  result.'* 


If  c ic  ; .c  "he  ossun.  ticn  that  t-.-  aeroilynarie  excitation  .auiy  be  obtained  fror.  re-.!  ure ne..us  on  a 
ri^i  i inc  a.ai  re  -.Isc  Vic  to  olf  ir.  nu-oric -I  e.atis.-.tar  for  tiie  acti-'n-icpenlert  .a  ;i*o.’p-!.-.nio  fo:*cc  'of 
-..hi  h,  'n  th..  c te  ..’n;  flo'i'.ii  ; rcs;'tis-,  the  cost  sijpnif  ic.nt  ro'-ponent  is  u..u:illp’  a .ti. ’;,'.vat.i  c 
i-.r.;in,.';  the  force ‘-vibr  ti’:.  2' dil  rrovil.ar  tl;o  basis  of  a Bethol  for  ,relictir..-  tiic  " vli*-;e  of  t;;e 
elcsc  V-loop  rc.;, '.ns  or.  the  b.  ;is  sf  rigi  J-ivinip  Be.asurecor.ts*  It  is  ‘Jiereforo  also  of  ; r actio  il  i:  pcrtance 
to  !:no.  hcth.-.i-  t:.o  existence  of  . eparated  flo..  sicnifio -Jitly  affeetr  ncrtion-deponlcnt  foicer  ruch  as  aero- 
dynar.ic  d-ic- Ir.e*  There  is  n*-  substrnti^l  eviiencei'ia  tljat  there  ruy  lie  a sifnific-i.-.t  sha:;-;e  "f  i- trine 
under  ti.ese  clrrucfitaaces*  For  er-.-plc,  l.a  ti.r  c.asc  of  -..inc  structural  huffetinj  .at  hi,-.,  su'cronic  spcels 
Eeas'uretitntr  iniic-atoe  rrlatiTaly  larfpo  incre  scr  in  ncrodyaanic  d.anrin/*  uxjunV  ti.o  bu-Tot-onset  conu'tlon 
(althos*i'.  •’  f cter  <f  2 cri-or  ir.  Fip*10  'f  !l;f.3  ox.a(i.*or.-.toa  the  effect)*  A possible  rech  r.lc.-.  to  explain 
this  phe.'.cr.enen,  in  ter:./  of  tha  (quasi-static)  v ri;  tion  v.-ith  i/lnc  incide.acc  ol’  ■ti.o  -.ro'.  over  ivhioh  a 
leallr.ij-cije  .ructi'i*.  force  acts,  huiC  been  proposed  In  r.cf*5. 

TiC  .aho*/e  review  is  lai*-cly  t.-iiien  frcT.  Refs*  o tnl  7,  '..horo  .a  no!X>  dot  Hod  discussion  of  the 
fluctu -tint  rospo.nse  of  an  aircraft  :;truetui*e  coupled  to  a reparated  flo-.;  fid’  roy  bo  found* 

3*  sm-cTUT.  I.  ?.i.-FFTrr:i  c:-’  /.  flsxi')I,z  AncR.AFT 

3*1  2jscrtgj^oi^_of_^i^j2ij^orOTj^ 

Ilic  stn«etur.al  buffeting  of  a flexible  aircraft  involves  intemetiona  botaeen  conplicated  separated 
floB  fields  ani  co.-apllcated  aircraft  sb^tures.  In  this  soc-tion  «e  illustrate  this  complexity  nitli 
reference  to  a p.articul.ar  investigation®  of  the  fliglit  b-uff»ting  ri:sponse  of  a coab.at  aircraft  (?ig*3)  at 
subsonic  aiid  transonic  spseda.  ^e  content  of  this  sub-section  is  Isrgelp'  taken  fnsr.  tlae  text  of  Ref *8* 

k general  conclusio.a  is  that  s-u\y  nnturl  vibr-itlon  ardes  can  be  excited  during  a nonocuvre  in 
wi.ich  wing  flow  separation  occurs*  Studr  of  the  uary  spectra  obtained  showed  that  tiie  spectral 
char-tctor  of  the  xesponscs  varies  trith  the  type  of  sensor,  with  the  location  on  tiio  aircsnft  and  with  the 
angle  of  .attack  beyond  buffet  onset*  Thus  it  is  clear  that  the  changing  nature  of  the  aerolynooic 
forcin'  fu.netion  is  reflected  in  the  stnictural  response  and  that  each  response  iter  varies  in  its  own 
unique  way* 

A windup  tunt  nanoeuvn  at  Ii  s 0.80  and  h * 19,800  ft  providsd  sons  particularly  interesting 
results*  Figures  4-  to  7 show  power  spoctri  for  a nominal  Indicated  an^e  of  attack  <if  12.2  degrees. 

^.c  ‘lata  sar-ple  length  was  2 soeonds*  The  right  wing  tip  aeeeleroaeter  data  presented  In  Fig*4  shows 
how  complex  the  response  of  the  wing  c-n  be.  fo^y  peaks  in  the  PSD  values  occur  in  the  band  of 
frequencies  fror.  3 to  76  I**  T*n  of  those  peolts  are  lo’.elled  with  associated  natural  vibration  modes  as 

identified  from  grounl  vibration  test  data  obtitined  on  c'uher  aircraft  in  the  developnent  program*  Tiiore 
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I ^st  »va>uii  CTWf. 

•ircf  oth'T  t hlj.or  rr.-<iuo.'.cioi  vhic’;  oculfl  n-t  ha  clc-.u-i,/  HenLifirf  niiU  particul  j:  vibr'ition 

Lc'dca, 

*^;e  nccclcr  i*.  aa  roirura"?  cr.  M:o  rua<^lt*.^c  sh'^r.  r|iCCtr"  *Uir  t a*e  conc!^Ci*'*hlj*  liffepent  fror  those 
• t the  .:ir.  tios,  71  s,  5 sjieot."  Per  vsrticil  •■.ccoler'  tIo;.s  rensuret  near  the 

ccnlr;  o.'  r vlL,.  r’j'.’  - rc-!t,‘ Pervoctiv^ly.  Tkc  c.-.  ;’it.  s'-.r;-:  little  resFons"  at 

rrerjancics  h:lol  7'  Hz  •'•  i t .c-  -ajcr  ,.e  *s  occur  <t  2'.  , 31,  i',  oitl  iC  H*.  The  seconi  ur.Vcy-rietric 
V ire  hc.C  i,:,  tv  - hcrisor.t  * *•  '1  ;r’ t h n.-!  ‘.ho  horiaor.t  I tail  plua  .'t-eo.al  r-iue  '4,.\'lo.'.  erdos  -.rc  .-.scoc- 
i tnd  It..  ''uSi-f  FJ“;s.  A -'-C'i'.t  a .■  uat  oF  norui'  is  alro  csfc’atcl  ‘..it;,  ixirporuoi  nt  fro>clicies 
•>hi‘V  /O  Ht  t t ;c  centre  of  T'.vlty.  ..t  tj.c  pilot*.',  .-c ‘.t,  tl.e  ".ijcr  !'c..'on;.ci  oci-ur  hctr.oc.".  and 
jt_  H*.  ;.t  i'  or.'  Hi  tl;o  io.'  ;rc  '■  <7ir.  p-t  *1  rrdo  the  scoonj  li-Tctrlc  vrio  bondln-  ra’.c, 

rc.-f.’ctlv'’ly,  Co-c  i-ccf-'r-a'  ' r fir't  '.•irj  torri-'n  la  a parent  a.  ?3  to  25  Hi.  Vary  littl.-  re.-ponse 
ccur.-  'hove  W Hi  > co.-tr  r*  to  t..s  ^c'^vity  rt  the  c.,;.  locoti-  r..  rTei '.‘.'r  the  c.^.  'r  'Oat 

ver  Ic  ' i-C' . ;-ore‘.cr."  ■.■■.  vu;;;  re.”' at  t.'.'  fi  -.’.t  .air.e  bondin,  or  fir.at  fusalajo  voj-.ic..l  boniinc 
Pro  uer.ei'."  t tl;i»  a ., pc  cV  att  .r:;. 

Iti  f c v:  r ' I ‘..t;;  • cccI er'i ♦ i " roa.por.soo  at  t'.K  . iltt  sc  .t,  ti.c  poeer  spactrur  p.'oranto-i  in 
?i-,7  r.'  ..■  ti;o  r.ij  r rc:  ;0'.rcs  to  t 20  •ni  2'  Hi  r.i  otvrj-1  frequencies  atovo  55  }*»•  'The 

- loj-  • o .]•„  at  'l.c  lo'.  r •■ro"..c:'.ci:r  oorrespor.!  to  scerni  fuseli‘”e  lateral  tan’ln"  .and  aecor...  antisy'J’etric 
•ir.  - brniiac.  T ; i t r ri;  h.  s .a  ,^u  id  n vrith  vorf.c  1 till  torsior  rh*ch  probably  accounts  for 

t;-.a  '.'.I  h n.'.-;'or.je  t 2 Hi. 


It  's  t:SiS 

or.  t!.c  loc.'tvn  -.  ;c 


*;.s  ■ .J'  rlty  ;■  ; o rr  "s 


t rr. ; ■,  le  .c.-;  a :‘ric 

stl'.i  ' ■’.arje  ' .v  • first  . 
rcsrcr.s'  -t  ’..i  1.  r .'la?  >c-.  i . 
fro  ;ao:.c'.'T  *.  .a‘.-li  ani  '7  n 
:.aJor  ; ■ !;  ‘ t;;c  rocctia  i;t: 

I’o.a  .O'  Sc  to.. I ’.o  ':C'easo  a. 
the  ..i.aj,  .’ha  ir.c.-ajasa  "n  f 
sero'.’  ;. 'r.-  .atr-c’u.r.a.  ” 


, t ‘,:.o  freaueecy  co.at<nt  cf  t.«:  ccelcrattor.s  can  ho  quite  differ-nt  depor.dinc 

:u-"t  -.ad  !.  tl;er  vertic  3 or  1 tcril  a-ciloi  ti  r.s  are  •rasuroJ,  The  r.lrc 
s;.  ..  ITfer.-nt  fre  lucncy  content,  P.ef,."  pi'cs'..ts  prior  spectra  rf  v.-iiii; 

'•rue  I’ff  ro.'.t  .•p-.r.e'se  locatior..'  on  rijiit  . 'r.;.  At  ti.o  ’neo  o'"  location 

t f - '"r.-t  t'.'.’.’.  , fro v.i'axy  ..it!.  luc!.  s.  al'’or  rerporses  at  first  irir.fp 

'■  ■ .i.i*.'.  - a.-.’  ti.e  !orl;.o.at  1 . il  .'"tc;.  raic.-,  "hirhi  r ovtbe.ri  there  is 

1 b‘..'’r.,  ■ re  o rue;  onoa  t rccor.  spa  otx’lo  ■ inj  bcxia  is.^;  but  little 

, , r t!;c  -.‘aj  ‘ip  the  ril't'.vo  r .j.onso  at  t;-.o  ‘.".•o  s.T.-ot."ic  -..In.p  bonJinr 

bj'h  ef  ti.a  pn-..-cr  's  'n  • r-n(pa  'f  fre  puei'.cior  hot.  ocn  23  e.el  37  Hi  r;lth  the 
op  ’ etr,o  ■ 'c  beivitr,-  I’re  'jricy,  , •.■e  . oo  that  tiij  freiue.icios  of 

‘i.c  ■ e surtr  rtr  a.e  t ;:cr.  it  ; oi.nta  ioc  to''  f rficr  .a.  i f r-.er  o-tbuurd  or. 
ro  pjc.ar.  c ..  be  a -ujo.-  f- ctor  in  lcte:-dn;a  f -ti  -uc  i j.u  c in  cutboaril  or 
'1-0  -’-t  ilr  .in  f-.c  -.In  - loci.'  iro  rive.-i  in  hsf.t:. 


It  ri:  3-r  f ti.  t f.’  fro  pucrep-  content  f *;-ju  nos:  enscs  ‘f  -.an."  of  tiio  sensors  ch  mco'*  ni  th 

'.-.(plo  of  attach  .abo-.’r  buff-  t ens  -t.  As  ';i  e::a  p'  •,  71  C siie.  c spootr  for  ‘-he  pilot's  so.'t  vcrticnl 
accs'iei'onet'r  .'’or  ‘o..  'ay:-.'-,  f •ittar’-.  Sl'j'rtly  .above  buffot  ensot  (cli-r.ul  r .'p'lholc),  ’he  sojor 
resp'ro-’  ; ’."i-s  arc  . t;-.o  •.ia--tai3,  scerni  sp-f-.-tric  a.al  seooni  ar.tiop-r.-  trio  '..in^  bor.iirj  r.edor,  ..t 
ti.e  i.ij'.cr  -npio  f attaci;  (c  p_  i-e  sp-nbols)  *..o  tail -t'.v.'  re.-ponoe  v 3 sh'ftcl  to  h’s!..  r fro;uer.c!es  .-o 
th.  t th  do-.ina.at  r-  i..  .aeco.a''  antioyr.-otrio  ■;inj  beniing,  Thijs  ch.a.a-cs  'n  response  fre  puencios  are 
attri'outo’  to  c'.-.  o-.j>.s  '.a  .0  aerev'''^”'''  flew  f ie*  i ■..hic'ircour  ri.tr.  ar.(31e  of  attac':,  ’’lie  nuo'uiatln^ 

prcr.'ur-’  fie''  ’ -.  n'  cl-.-r.uC  as  tr.o  .aaparaoo*  fion  nvp.ni.a  in  ti.e  chori--..ise  eni  spon..iso  directl'ina,  "^c 
fieii  r-n  alsi  chanre  in  int'nsitp-  levels  as  a function  of  frequonep-  and  in  the  phesing  relutionihipi 
betreer.  iifferer.t  .'patial  Iscatier.s  also  a:,  a function  ef  frepuenej-,  Sxar.ples  cf  reasu.'ei  fluctu-  ting 
prer.uref  fro."  flig!.*  tests  • rt  discusid  in  a l.itcr  section. 


3,2  rodoll^j;^,ol^J^;uc^u£a^^uffet^ag 


It  is  u3u.al  to  asEusc  that,  to  codel  tine  stnictuia'l  buffeting  of  a floxi'olc  .aircraft,  a linear 
•force!  vibration*  r'del  is  -ipFlicntle,  r.ith  aerodyn-ir.lc  excitation  ebtain.ible  froi  rigiJ-iing  t:oaaure- 
rer.t.a.  In  this  section  v.e  i-evie..  the  curuier  ir.  n;.ich  the  force-!  vibration  theoretical  c.cdel  may  be 
api.lie-i.  iieforc  dcin.'  sc,  hoiiever,  sre  ea.sharise  that  tiie  liisits  of  applic-ibility  of  this  approach  arc  in 
neei  of  further  experinentai  clurific'.tion,  Ir.  particular.  It  is  likely  that  tiio  applicability  of  thia 
type  of  theoretical  rode!  T;ill  be  lisited  at  hi  -la-subsonic  n.ad  transonic  speeds.  In  the  case  of  flexible 
codes  nln'-ch  caua-  sijjaif io-int  sin --ircldcnce  variations,  there  is  evilence®  thet  oscillatozy  wing  notion 
cap’  in  such  situations  couple  it.  s nonlinear  ra:.ncr  rith  fore-ani-aft  c.cti.>n  cf  the  shock  wave  le.i'ling  to  a 
fore,  of  nonlinear  flutter  (req'airir.g  a licit  cycle  representation) . •'or  a ;;ing  .at  scull  aeeep  angles,  this 
sugyast..  that  the  ao-iei  -.lill  probably  be  valid  for  ..Ing  ben’ir.gbut  possibly  not  for  v/ing-tersion  isodos.  In 
tie  orse  ef  a hi  ;!ily-ssept  v.lng  the  situation  is  less  cleai'-cul,  as  tiie  beniing  and  torsion  codes  ray  eae'n 
co't.'lbute  significastl pr  to  *ing  ir.oi-lence  ch  ingen, 

The  foi-cei  vibration  linear  .n.-ilytic  il  coiel  for  floxi'.;!-  alrcr-.ft  re.<ipotise  nuy  be  expr<'ssel  in  terns 
of  generalised  co-oriin -tos.  n.o  doforsatian  of  -lU  airorifl  sttucture  r.-xy  be  reprereatod  quite  generally 
bp'  the  superposition  of  pr-:;ar:  .nsed  vector  ’.ode  function..,  in  the  feme 


(.  = 1,2,3) 


(1) 


shore  uiCP,t)  ‘o  the  elastic  defot-cu tier,  vector  at  point  P an<i  tine  t,  tne  <lp(t)  are  generalised  co- 
ordinates, and  fir(P)  ’re  ass..ci:td  node  shape  functlo.as.  A?.  Ip-in : "•il  orliln's  technique,  the  tynaclc 
equ.tions  then  rc.iuco  to  .a  set  of  ordinuiy  differential  e]U..tions: 


*®rsV^5  ♦ K„;^(t)  I = -J^Ct)  , 

•here  Ifrs,  Dj.g  .and  K^s  arc  geners^isei  cass,  daxq  inj*  and  .stiffness  natriees,  and  1s(t)  is  a 
ge-i-cral'sed  force. 


(2) 


..e  consider  only  visccus  •i.xr.ning  for  ti.e  purpose  of  the  present  discussion 


s-s 


A consI.lemMe  s '!  |illl*'.c".ticn  nay  be  obtained  by  cliaiin.'.tlns  the  structural  Inertia  and  elastic 
eroar-cju.lini;  tonas.  '3iis  bo  acMevod  by  chuosin^  the  Eodos  to  be  the  undnrped  natural  vibration 
:.'.o/fcs  ef  tiie  Tree  ayst^';  in  a v"ounn,  'Sioro  ronaiML,  hy-'CVar,  ei'oss-oouylinc  of  these  nodes  due  to 
structuT.'l  d and  duo  to  aerodynanlc  Inertia,  J.anpinj  and  stiffness. 

■?lv-  ceu,lin_;  due  to  structural  d iTpinc  ia  usually  both  snail  ani  difficult  to  noasure  and 
conso;uurtly  ne jlactcd.  Provided  that  ■ ode  freraencies  are  relatively  well  rojiarated,  and  the  dacplne 
I’ja.t,  f-.o  aci-olyar’o  cross-cau;li..j  te»— s will  also  bo  snail  and  n sinjlo-docrao-of-froedor  analysis 
u!l'  be  Ju£ti:iod.  '’'-.vova^-,  si.-co  tiici-e  re  Iniicatiens  that  aerodyn:jaio  danpinj  of  flexible  nodes 
subrt  nt!-.ldy  ircro'C.  uad-ar  corditiens  ef  sopar'tcd  flor,  the  yossib'.lity  that  aeixiiyn.ar.lc  node  coupling 
ivy  y ••  cl  fie  n.  rule  'n  the  dyrrr.ics  ef  buffeting  cannot  bo  ruled  out. 

I".  conto-'*  of  -t*  ched  flov,  'oro:Jy".a;dc  cross-coupling  tercu;  can  In  principle  be  ealcula.tod  - 
" r iru;tar.ci.  Uwin-  tijso  -uir onsicnad  lifting  surface  thooiy.  Indeed,  such  tens  pluy  a a-ital  port  in 
fiut*  r ea'cul  f '-i,  .III  arc  ’iso  sor'ti'os  use’  In  iirolictiny  tb.o  rerponce  of  flexible  aircraft  to 
• j,’i;'rio  tu.-bulu.ica,  P-a-vi  lei  t 'iie  bu."f't  orcit  tfo;  can  ba  c-lcul.  tod  as  gcner-'lir.O'l  ferae 
victui',  for  ‘rat  ;.u  • .a  - ba-y^  , p r.oa^urud  fluctuuV’ng  prcs.'uros,  there  is  .no  lo-son  in  principle  why 
suci.  calculations  rliouli  not  bo  .ap.-lioi  in  tl«!  context  of  buffeting,  ihe  practical  .difficulty  io  tW s 
u sv,  's  I'-,  t .c  !--.vo  *t  re.-ont  na  'rS'n.  for.  concoi-ning  the  effect  of  sopar.tcd  flo-j  on  the 

. r.it-  ' cro-' ' r.  • l-iro, 

Cn  ti-.c  a.asu  ; ’.icv  th  t ~;xi_  . r.h-  vale  ecu. lie  • ".-.y  be  noplrctod,  re  i"y  expi'C.a."  the  foreod 
■’br-  ii  r.  ''-ac  ■ . ' ■ tai  ''cr  r.-r..':.-  'n  a florlble  ro-'c  in  tciw.-  of  a .ainylc  gonoraliced 

•o-  -.-llr  - o(tJ,  re;  ;o;.  ;g  • V la esne:  t in  that  r'  de,  an-’  a gororal'' se-i  rerodyrmnlc  excitation 

>•(''  '-t  ■ ' -e  no  r.  .ii;-,  .■  ;r.g  rr  ti -n  (.'eo  f'g.y).  Z(t)  shnull  be  rultij.lied  by  the  node 

!c  't-'r.  ti.i-  d’.'placc;  ' a',  .ar.  'rbit.viy  p'-int  on  ‘ho  v.iag,  aei-ndyninlc  exrite.tior.  x(t)  has 

. .-—(■* r.'  ?e,c.i.a  n c:a.ss-upoctr  -f  .‘’luctuoting  p:-er.rurcj  ov-a:  all  pairs  rf  pointa  on  the 

'a-,  ■ .ted  by  :-'.;.ap.c.  It.?  r .'•r  spactr.l  density  ♦xCf;  of  x(t)  ’s  .asru.aci  to  be  approxiratoly 

arrs!  r.ei  hi.  . f th''  oio’.n  natural  fre-;uer.cy  fg  =•  “'0/2n  . T^.or  relatinr  no.asui'er.ents  on 

d-i  in  • 'r.'  tu'-.-i  t ''1’  scale,  is-u-priionr  have  to  be  -aaie  cor.coirir  tiip  ap  re.Tiatc  scaling 

f ' C..  'i.a  ''iho-i;  ‘f  e ?.;yn?luc  rirber  effect."  ai-o  ne  ligiblo,  the  rean-r  ju  irc  fluctu iting  force 

ic2  ii’".'  ' ~ , ha-c  • is  \/r.  ••‘c  ; re;  .■’u.'a:  rr.d  .1  ring  -re.,  -jii  the  ap-.ropi'iate  lengtii  and 

V 1 :it"  ..ite  -;-  fci-  .ac  I'-  - fro -ue -.c-  ''lai  .a  —c-otric  lc"gth  (a,.-,  -ear  •rln-  chord  1)  and  true 
•i-r.oe-a’  V. 


C.n  t’.-'.:  ba-y^  j,3  .j.  ;.  ao^r-.y  daj^.p'..  qo  •erai;'r.-.;a*c  excitation  nay  be  expressed  in  the  fern 

's  ^ ^ (izf  , (3) 


cru  r.  is  ■ n'.'.a-dis-.er.ai' •!  .1  acroiaa-i.ar.5c  par  ..otcr,  a function  only  oW  ■.-.•Ing  inc’lencc,  ”ach  nu.-ber  ani 
.t.y..  1.  is  nurier. 


lie  rc.apcfisf  'r.  -'i.  ’ sin  •la— lcgro<‘-af-frv.edow  node  *s  dofi.eed  bp-  tiie  differential  eauation: 
♦ 2c, + r,<a^2  = x(t)  . 

I.  aqu-yp  . . ^1.  Pu  e p;iv'iu;.t  ( •erujral  • se'd)  -iss  of  ih.5  node,  giver,  by 

V,  ^ h," 


M 

(5) 


ra  - tie  tot-1  -ass  of  the  aircraft  a.-d  k,  5r  a non-'ii.rensicnal  eu-ntity  that  depends  on  wing 
•p-c-otrp-,  -ode  rhupo,  .ad  -arc  -i'..strlbtition,  ''le  unla-pel  r...tural  fro'puarcy  'ig  (in  m.d  s”1 ) Is  assuEed 
ir  be  ■rioy.nden'-  of  aoro ly -ar'e  f'‘i-ce.s  (."tif.'’noss  and  leartiu).  "d'.i s sirpl'fyieg  approxinaticn,  together 
I th  - -.eot  of  an.-cip—.a.-.’ n c.au  ling  b*t-.-;.-n  Eodos,  appears  on  the  basis  of  exp- T.! cental  data  to  be 
.-occrt'Mw  >.  C...-.P’  ;-r:ictic'l  buffetin-  r.ltu;i!ons.  It  as.aures,  of  course,  that  -.'O  arc  rell  nray  free  any 
bouni-.rie.a  of  ocnvi.atirr.il  f-it'r.  < ("  ju- tit  i (4})  is  tiic  total  damping  ratio, 

= 4 + 4 

•a  s 

4a  -'•."ocyr.-jilc  -laspi-ng  ratio  ■ .-.d  4^  is  structunl  daepin  p ratio  (this  assumption  of  a viscous 
type  cf  .- i;aic lui-il.  l-r;-.!  . ■ ."5-pl ifies,  but  is  nat  osrentlal  to,  tho  a.a.alysis). 


The  ae;xjlp'n:'.r**a  'i-s-.iing  :*atie  i.a  -iven  by 

k a n -'g 
*2  T * 


(6) 

v.-i-.-'r-.  a,  13  offactiv  • lift-curve  .alo/.a  (''V'lnatei  a'-  tho  no-.-tironsional  -ode  fre-puency  n f-C/^), 

5:2  -=  ' no.a.--’.ircnsior.ul  •puantity  th-it  lopc.nls  on  cade  siiapc.  p is  o.l:-  der.siig-.  * JO 

o 

Tiro  terr  — j-g  -■'i  ti'‘o.  (4)  ropresc.ats  tl-.e  structural  ntiffr.os.a. 

Tiv.-e  a po-.-.-er^.-.eeotr.-.i-'.ar.sity  (PSD),  s.nalysl.a  gives  tiic  roct-rean-s  pu  re  .acceleration  associated 
..-It  t"  u i'.c  !e  -as 


^ (la/s; 


(7) 


If  fol’ous  fror.  epurtion  (7)  tiuit  ii-.c  nca-lir.ensicnal  .aai'o’ynard e excitation  par.anotnr  B is  given  by 

V ..  ,v? 

- - ',TA“/  • 


(8) 


S-6 


The  luantiti/  thus  SMpo  irn  ns  i useful  ™ r.uro  nr  S'lro^^ynnir.lc  sxoltntlT.  lerlvsbls  fron  T.eiiun  . 

nocolerntlnn  rnnpnnon  irU  totiJ  lin-'ln:  mtln.  Siu.tlnn  (7)' inuitrites  t'lo  lU  'ntltlos  re-iulrot  Jn  ■ 
tlioorntlo  1 bjffstln-  I'ro'Uctlnn  rnt!i'>!  h.-.anl,  for  rxarjilo,  on  wlni-tunn»l  noniurooBnto,  For  nn  slrcroft 
fly’ll,:  ,:!vi'r.  wlnj  lonlln,,,  snosd  iml  iltltuln,  the  norolynanl o-depondont  (ju  ntltlss  are  S and 

On*  Mthod  for  th*  evaluation  of  I involves  the  ■•aiurwsent  of  fluetustinf;  pressures  on  rtlstively 
rigid  gind-tunnel  siodels  nnl  the  derivntlnn  nf  the  genorsllsed  fore*  by  aosns  of  erose-eorrelstion  teeh- 
niques^>^°>^^.  This  sppoosoh  Is  discussed  further  i.  section  h.1>  Alternatively,  8 aay  be  derived 
fron  einl-tunnel  tests  on  th*  basis  of  equ  ttinn  (P)  using  eodels  for  which  the  rolevont  noda  shape  is 
epproxlTstsly  correct  (note  thit  fully-seeled  aercelaatlo  eodels  are  not  necsssaiy).  To  obtain  8 free 
equation  (P),  wind-tunnel  Beesurements  of  vx  and  total  daaplnc  ratio  are  required,  together  with  s 
knowlelge  of  code  nitural  frequency  eg  generalised  aass  Bf. 

The  other  quantity  required  Ip  a buffetinq  prediction  eethod,  based  on  equation  (7),  is  th*  value 
ol'  the  total  damping  ratio  apfiroprinte  to  tho  full-scale  aircraft.  As  mentioned  in  section  2,  the 
invostlgation  of  effects  nf  separated  flow  on  the  aeiaidynanlc  coqionent  4 s daeqiing  ratio  is  a subject 
01  current  research.  Perhaps  the  nost  proirising  approach  o the  nroblea  nf  predicting  aerodynamic 
damping,  for  uso  In  conjunctinn  with  tho  forced-vibration  Bodel  of  buffeting,  equation  (1»),  it  that  based 
on  the  uso  of  static  ovporlrcntal  data  an  an  input,  as  aug.'ested  in  RsfaS,  Qualitative  agreement  with 
ceasured  chingoa  in  linrlng  of  tho  win— bending  mode  In  tho  vicinity  of  buffet  onaot  have  beon  shown  using 
th'-i  appiamch,  alt,hou;'.i  ,;ood  qumtitatlve  predictlonu  have  still  to  bo  demons tr.a tad, 

Tho  least-well  understool  aspect  of  structural  buffeting  of  a flexible  wing  conoeme  the  response 
In  ..ir..-  torsion  modee  at  hlffh-suhsjnlc  and  tnnconlo  speeds,  ’here  is  eoi’e  evidence  that  fore-and-aft 
shoe!  r.' tion  tenia  to  couple  with  torsion.al  oscillatlnna  of  tho  wing,  providing  a etron,;  machanitm  by 
which  the  flow  fluctuatlors  occurring  on  a rigidly-mounted  wing  right  be  fundamentally  modified.  Indeed, 
if  the  riow-riolA  essentially  'loohs-in'  to  the  wing  torsional  motion,  the  forced-vibration  type  of 
analytical  rolol  for  buffeting  (equ  tlnn  (i,),  or,  more  generally,  equation  (2))  is  no  longer  appropriate 
■anl  tho  nhanomonon  bocorea  a type  of  nonlinear  flutter.  Hie  appropriate  model  then  takes  the  form  of  a 
limit  cyclo,  prbably  with  a significant  amount  of  additive  noise.  This  Is  an  area  where  oonsidereblt 
further  work  ,-e:.alne  to  be  done, 

J,3  Hj8£onso_^o_trnnslent_^uf£ct_exolt^ 

We  end  thle  nutlina  of  theoratlcil  nethois  for  the  4yn*mlc  analyeis  of  buffeting  by  mentioning  thst 
the  'foreai  vlbntlon'  model  (Fig.  9)  has  been  used'^  as  n basis  for  the  investigation  of  buffeting 
response  oeeurrlnj  lurln  • a transient  incursion  into  the  buffet  regime,  due  *o  either  a gust  or  a manoeuvre. 
Using  the  theory  of  non-station  iry  ranh'ir  processes,  obsntvsd  lags  in  buffeting  build-up  and  deeqy  can  be 
Shown  to  be  of  alnilar  site  to  the  predicted  delays  in  tho  response  of  wing  structure.  These  dsltys  In 
structural  response  are  in  addition  to  lags  associated  with  unttesdy  aeroi^ynamlca,  A particular  applica- 
tion discussed  in  Ref, 12  concerns  tlie  buff-ting  Induced  on  a subsonic  transport  aircraft  by  s vertical  gust. 
Such  an  aircraft  ofton  cruises  lulto  olo.ae  to  its  buffet  onset  boundary  snJ,  in  severe  turbulence,  may  be 
expootel  to  intermittently  penetrate  beyond  its  buffet  boundiiy  due  to  fluctuations  in  Incldenee, 

Tile  dynamic  analysis  -f  this  situation  may  be  based  on  the  model  Illustrated  dn  Flg.9,  In  conjunct- 
ion with  the  theoty'-l  for  the  transient  response  of  a linear  system  excited  by  a random  input.  This 
theory  ray  bo  l aol  to  evaluate  tijn  respanso  of  the  ayatee,  in  statistioal  terms,  when  an  input  signal  such 
as  x(t5  (Flf.S)  !s  either  suddenly  switched  on,  or  grows  smoothly  from  lero  amplitude  in  sore  prescribed 
manner. 

For  Instance,  suppose  that  x(t),  equation  (l»),  tikes  the  form 
x(t)  = a (t)H(t)  , 

nhoro  ?l(t)  i»  ’white  noise*  of  unifarr.  spoctnl  donslt^  # (por  Hs)  and  a(t)  is  a prsscribel  function^ 
rr*l)t'»d  to  the  incidence  penotrition  boyon?  buffet  ons^'t,  .^itisfylng 

a (t)  r 0,t  < 0 

2 

Tl'.un  it  c‘in  bo  cho.vn  that  the  equitlon  for  tho  (enserble)  Tein  squire  response  o’*  at  tine  t is  given  by 

.t 

o ^(t)  = . ♦ /2m,  ' ' a ^(T  )h^(t  - T )dt  , 

' ' 0 

whore  h(t)  is  the  ronponse  -f  the  system  to  a unit  imulse.  Practical  applications  of  this  result  are 
desorlbei  In  Pef.  12,  ml  includn,  fr  r instance,  the  effect  of  the  length  of  a gust  on  the  alleviation  of 
r-uxinum  buffetln,:  response. 

4.  rLucTU.'.i’r’i  PRrsuuRTS  o’t  nupnTir'q  vnr'GS 

In  this  soctimn  we  consider  the  interpretation  of  ne.isursl  fluctuating  pressures  on  a wing,  on  the 
basis  of  the  forced  vibration  huffotin,;  mnioi  , and  briefly  review  the  ronner  In  which  measured  fluctuating 
pressures  ray  be  used  to  predict  buffeting  amplitudes. 

4.1  yeasure;M|luotuating_£ressui2^ 

First  we  consider  applications  of  measurements  obtained  using  wlnd-ture-.el  models  which  are  rlgii  in 
the  sense  th"t  no  model  reaponae  mode  ooours  at  frequenolns  in  th*  vicinity  of  th*  (scaled)  frequency  at 
whlsh  buffeting  intensity  is  to  be  predicted  on  the  full-scale  aircraft.  By  taking  meaBurementa  at  a 
auffioient  number  of  points,  and  Integrating  pressures  to  obtain  overall  forces,  it  is  in  prlnolpls  possible 
Vi  use  riuctU  'tinf;  pressures  on  a sc- lod  mold  .1 -11  win;  In  a wlnl  tunnel  as  tho  basis  of  a statistical 
cilculatinn  of  buffetln;-  response.  "be  basic  qaantity  required  for  such  a calculation  la  the  power 
.-q.ootrum  of  tho  aorodynirlo  esc'tattnn  x(t)  (Fig.9),  which  arises  as  an  Integrated  product  of  the  aircraft 
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: *r*jctu!'al  r.n )o  nhipe  tinl  the  orooB  spr.ctn  of  prefiBur«  Huotufitiona*  Ae  a reauU»  thos«»  fluatuatln^; 

iTf'  oorrulfital  ov«r  'Uflt(ino««  of  the  orler  nf  u *NHVelen^th*  of  struotur'il  nt>da  will 
» rHori’ n'ltp  In  Dmlp  contribution  tn  the  exoitutlnn*  In  Up  cjib*'  of  Ujo  flr  t nyirji.otrlc  v/ln  l-bonJirw’. 

Tor  Inatiiu'o,  only  t.hooe  ppeaflurc  fluctuntlonfl  which  Intoi’rtto  to  provHo  " b'ytiric'int  fluotuiitiona 
clrcul  itl'tii  wlli  ba  rolovint*  Thic  aituatlon  la  In  contrast  to  the  w]coltit««'n  of  win/  pancle  by 
rr'inns  o-  yopartlol  Jlow,  In  thlr  lattor  c*iAo,  th**  r^lovmt  prwMuro  flue tu'itl "no  arc  /^noputed 
r!'  irllv  !n  tr.o  ohujp  layer  anl  ajpoip  alBoat  oxclualvoly  llroctlv  W.oatn  the  r^'Icn  of  ocp.ir/ited  flow, 

* r 1 ' r*'f'.*r  t"  thIc  mb  m llrr.’t  effect  of  the  aonip'itol  flo-v.  On  too  othorhanl,  a fll<*nlflcint 
c-  r;oMont  'f  fluclmt’.n*  clrcul  itlon  m.iy  »rl»^  an  lnlln*rt  effoct  of  the  nepir.ited  flow,  thi^u/h  Ub 
Influonco  !*;••  Kutti  conlltlon  wl.loh  !«Urntn»?f  th«  clpcjlatlon,  baalc  unateiUneaa  in  thla  case 

Ir  in  U.r  potonti  il  th«'  v’.coua  "ff^Hta  arlriy,/  is  a *ciroulatl>  n control*  pj«c.tnl:r,  ’ml  we  cajinot 

noc<*83'irny  •lasunp  tbit  th*  pr»-‘a*«u:*»*  fluotu  itirns  ar;  Incato!  only  In  t)»c  iK.'oUsto  vicinity  of 

the  aop'ii»'itol  flo.v  p-**lpn*  Tnlom^  it  la  porplhl**  f r v-iiolo  flovv  I’loll  arouni  the  v.ln*  to  b»* 
Inh'yra-fitl;/  u.iwtetl;/,  anl  th  la  t uvv  J'liictu-itlrns  wlilch  contribute  *x>  fluctu'itin*  lift  p»»y  occur  at  all 
.'olnta  wl-.oro  ti.opo  u'o  lar-*e  apoU  il  I'c  in*prcanun»  /redlonts.  Such  po/lono  appear  beneath  ahock  ?;avei  at 
transonic  Bprola  anl  rjiy  arioo  In  tlin  vicinity  of  thr-  leallnr  o].**?  at  subannlc  Bpeela, 

C'n  thn  aaauTPtlm  that  tfiP  power  rjectPUiiiof  x(t)  la  avillabl  - fitjc.  preanurc  fluctuation  a»mure- 
r.ont;'  on  a ri  ’ll  win.*  outlined  above,  e>ju  tion  (A)  C’.'iy  bo  used  to  calculate  the  •iBiplltule  of  utructural 
buffctlri.:  in  t.ho  mole  In  laoatl  >n  if  /in  eatlr.ito  la  ivtilibio  for  the  totil  dair^pln*  Putlf*  Thla 

.approach  h'la  provioualy  been  omrloyed^^  t«'  c.ilculate  buffotinj’  of  q olenler  v/ln/'  with  i loalinp^od/e 
vortox.  However,  In  the  ca.u*  rf  a awo}it  win*  at  hlrh  aubaonic  spoeda  the  poarlblliV/  of  unin/  fixol-wing 
prcaouro  fluctuitl  r.a  a;i  'i  biali;  for  tho  vmdlctlon  *f  buffotln/  ir.rlltudes  rep.’,  rof.  critical  investl/a- 
t\rn»  !ha  occurrence  rf  repantel  flow  rn  the  win/  not  only  loais  to  tho  appo  ip ancf-  of  :i  fluctuitln/ 
lorolyninic  excitation  but  m/iy.  In  /iddl ti‘.-. , algiilfic  mtly  Inl'luence  tho  aeroV^.air.lc;  cojtponont  of 
lir.pin*  ratio  In  Hcf,5,  fll/ht-test  results  arc  doacribel  which  indicate  relatively  lar/e 

vtrlati'  tis  with  Cji  of  .aerodynamic  lumpln*  on  a buffetin/  win/,  particularly  ler/o  Vilu^a  of  apparent 
iar:;  Ir..'  ntlo  ariylnt^  ar.'uni  the  bulTet  onaot  condition.  Mrre  Information  ia  re/i^irod  to  see  whetimr 
the.ao  r«»iultc  nro  of  ren.-’ral  applicability,  but  meimihlle  they  :aay  itr.ply  a significant  limitation  on  the 
quantitative  uao  <f  piaysaure  fluctuationc  c^»i»urel  on  rlri  1 wlnrs, 

/*•?  ^*eaeurel  fluctuatlnr  nresflurea  on  atructurallvresnonUn/  win/ts 

.c  turn  n rt  to  tiic  ca.‘'o  wh^'re  fluctuitin/  preaaures  .are  renaured  on  a buffetin  ■ win^  whicij  la 
itructurally  r*2ronllnr  In  i floxlblo  mole,  ^la  aitu-atlon  nrlsea  in  both  fu’l-ocilo  fll/ht  experlnenta 
anl  !n  winl-tunriol  exr'’i'lO''nts  usln/  ro  lela  ?;lth  pp'ierly  sc  del  nole  frejufincies,  ?h®  Interpretation  of 
auc;.  mra.^ur-ont.-,  If  ta^cri  In  isolation,  ia  in  ren<*pal  corplicatel  by  the  fa?t  th  »t  the  fluctuating 
preasur**  Hs trlhu ti"n  li'  the  bus  of  ovorlappln/  aert  lynir.Ic  excitation  /mi  roar^enae  fields  C including 
arrndyn wr.lc  lappin.*}#  *3  alvooatol  In  Sof,<',  considertbly  nope  infonr:ation  m.ay  be  obtained  fn>m  wlnd» 
tunr.jl  t'jstj  11‘  fluctuating  presdupof  on  atruoturdly-r^Gponiltu:  w!n/s  anl  on  rl/ii  wln/s  witii  slEil^^ 
arc  co:. parfd, 

Klratly,  wc  note  tnat  hl/*h  intensity  pressure  flu^tJitlona  rf  rol.atively  hi/h  frequency  orl/inite 
fr’T  ioptrit-'l  shear  la/ers  ani  cm  l)0  measured  on  tr.e  win*  auiTacc  Urectly  ben-'a^;  the  sep/iratei  re»»lon, 
•h'  l.'t  i.  ivin.*  II  tilt?  r dovance  to  tho  dynv.ics  of  wlnr  buffetin/,  since  Mrh  fro.quency  pressure  fluctuat- 
I na  make  ne-U/iblo  contrlb.tlon  to  fluctuating  circulation  and  lift,  such  measurer.enta  c »n  mrvlde 
Vilu  ibl*»  inilcatloi'.c  rerariln/  the  extent  of  eeparatel  flo . anl,  in  conjunction  with  photography  of  wing 
t4fti'.,  c If:  enabl/*  full-acilo  flow  pattems  from  flirht  tests  to  be  compared  with  thojo  obtained  in  wind* 
noi  expcrir.er.tr  Involvin'*  flo  vicualin.itlon  techniques  such  as  oil  flow, 

Tu.  . • • t/’  p^‘5;^2un?  fluctuations  in  tho  lower  frequency  range,  directly  polatod  to  the  dynaslca  of 
lr,'..vr  ‘-‘rler  i.,c  lea  of  uin/  flexible  I'enponse,  v.e  suppose  that  wing  buffetin,':  ia  approj'ri itely  modelled  sa 
/in  aero  iyn  mlc ally  forced  vibration,  in  which  case  too  fluctuatlnr  preasure  p(  t)  at  an  arbitraiy  point 
on  the  win’  miy  bo  exproaaol  .ic  th*/  sum  / f two  corjionents:  a ’motion  dependent*  oorponent  pd(t)  and  a 

*f;,/.tl-.n  inlor.endent' , or  Q(>n)lyni.iLc  excitatirn,  co  q>onent  px(t),  Tho  power  spectnim  of  pd(t)  will 
consist  of  a nurrow-band  potk  at  the  resonant  frequency  / f response  nnl  the  spectrum  of  Px(t)  is 
1.  sur.el*  to  bo  relatively  wile  bind,  Ibose  differin':  characteristics  allow  a qualitative  assossment  of 
th?  relative  c'^ntributjrns  of  the  two  pressure  fiella  at  an  arbitrary  point  on  the  wing  on  tho  basle  of 
woasured  pewor  fipoctra.  For  inst/mco,  at  prints  on  the  wing  where  the  priaar/  component  of  p(t)  is 
nj(t)  Ctttls  probably  lnclud»'a  points  well  separated  In  a spanwise  direction  from  regions  of  separated 
flow)  the  spectmm  cf  pft)  will  be  dominated  by  a narmy.— band  peak.  In  generil,  however,  the  pressure 
flellB  px(t)  anl  Pd(i)  v.’ill  cverlap,  and  the  shape  of  the  epeotnim  of  p(t)  in  the  vicinity  of  the 
recon.ant  frequency  will  rtepcnl  critically  on  the  degree  of  correlation,  and  the  phasoToluticnship, 
between  those  two  cn-pon/?ntc. 

In  Pefs,  6,  7 It  wi.t  shown  that  thr  total  a»»podynanic  force  (y(t),  Pig, 9)  on  a stmoturally 
responlin/:  win/  with  lor;  strjctural  ttrapinf  contains  relatively  little  power  at  the  resonant  frequency 
of  rosponso,  (dy,  Fig, 10),  Thia  is  due  to  the  cancellation  of  the  aerodynamic  excitation  at  this 

frequency  by  the  corroanonllnr  motlnn-dependent  aero(iynaBlc  force  (including  damping),  Now,  although 
this  result  h is  been  derived  for  the  generalised  aerodynamic  force  associated  with  the  structural  mode 
In  quosti/'H,  it  ia  relevant  to  inllvldual  component  rreesurea.  If  we  consider  tho  extreme  case  of  aero- 
dynamic excitation  and  response  fields  each  '*f  which  conaiata  of  a pressure  distribution  varying  in  time 
but  Inlerandent  of  cpatl  il  position  at  each  Inst-int  (the  llmitinr  c.aae  of  con^lete  spatial  corrcl.atlon) 
then  ti»c  Instont inooua  aarod;ma*  ic  force  Ir.  n constant  multiple  of  instantaneous  nressure  anl  the  energy 
c.i.colla * lo'.  af;.arv!r.t  In  ty  .-'Ico  .arlro,*.  *rj  tri?  spectra  rf  lallvilual  pren;*urc  riuoiu:i’.I‘:'n3, 
tl'.'r  r'^rult  Ic^-ori'l.**  on  cor.p7ete  corrolation  bct”-e  n aoi'odyna’rls  P'rcos  and  co  |Onc:;t 
;rrr.'u:*o.  • "r  'J  . - ; .ct’ir  ortro-e  m I'v,  corrolit-^n  b'‘two*‘i»  'ierody(n*'lc  fcrce  and  jnJIvi.lual 
prey;5u?v»f , sucli  as  .jr'ce:.  *''h^n  then'  Is  low  corro7ation  tetr.'^-'n  flic tu-i tiny  pros  *uroj  at 


• The  aosur.ptir.n  r.ids  haro  is  that  no  purely  aerodynamic  resonance  exists.  An  exception  may  arise  in 

the  case  of  flows  with  oscillatin/  shock  waves.  In  this  latter  situation  the  forced  vibration  hypothesis 
should  be  used  with  extra  care,  as  there  will  be  a strong  possibility  of  the  flow  fluctuations  locking  in 
(to  form  /i  limit-cycle)  with  .a  structural  response  mode  of  sitnil.ar  frequency. 


different  point*  on  the  eing,  there  *111  alto  be  little  oorrel'itlon  between  the  ooaponent  pressure  field* 
Pj(t)  and  Pa(t)  at  any  aibltraiy  point  on  the  *lng,  nivl  the  power  apectrum  of  p(t)  will  then  oonelet 
approaieutely  of  the  *un  of  the  oonpoiient  epeotra,  thua  taklni’  tha  form  of  a broad-bnnd  apeotrun  with 
*up*i«>po**d  peak. 

Thua,  In  general,  the  power  apeotnia  of  fluotuatlnc  preaaure  p(t)  at  a point  on  a atruotumlly- 
reapondlng  wing  oun  In  principle  take  ai\y  fora  between  a wide-bond  apootnin  with  auperpoaed  narrowbnnd 
peak  onl  a wlde-band  apeotrun  with  a 'notch*  almilar  to  that  in  by,  flg.10.  However,  the  latter 
phenoaenon  requlrea  alnnat  perfect  correlation  between  the  preaaure  p,](t)  and  the  'notion-dependent' 
aerodynaaic  force  x(t),  anl  between  Pd(t)  and  tha  'notion-dependent'  aerolynaalo  force.  '/Thllat  the 
latter  oorrelatlon  la  to  be  exnected  (alnca  both  Pi(t)  and  tha  aerodynaaic  dar.plng  force  are  each 
highly  correlated  with  wlnr  notion)  It  1*  doubtful  whether  the  correlation  between  Px(t)  “nd  x(t)  1* 
ever  aufflolently  atrong  for  ttila  eonlitlnn  of  preaaure  eancallatlon  to  be  reallaad  In  practice  on  a 
three-dlnenalonal  wing. 

In  Rafa.  7,  the  above  altuatlon.  In  which  energy  cancellation  occur!  between  the  excitation  end 
reaponaa  preaaure  field*  on  a atructurally-reapondin-  wing,  la  contraated  with  that  which  occurs  when  the 
tine  hiatoiy  of  wing  action  la  externally  Impoaed  by  aeana  of  ri"e‘'-aal  forces  (aa  u wing  surd'aee  night 
be  forced  to  follow  aom  preaedbed  tine  hlatoiy  in  a wlnd-tunnal  exporlnent).  In  this  latter  caae  wa 
refer  to  the  wing  notion  aa  'externally  foroed*.  As  an  sxanple,  Flr.tO  illuitratsa  the  difference 
between  the  apeotrun  of  aerodynaaic  force  on  a atructurally-rsaponling  wing,  and  by,  the  corres- 
ponding apeotrun  on  an  axtemally-foreed  wing,  both  aaaooiatsd  with  tha  aano  spaotma  b(  of  wing  notion. 

In  llluatratlon  of  tha  above  dlacusainn  of  fluctuating  prwaaures  on  atruetunJ ly-respon ling  wings, 
prwssure  fluetuationa  nsasurad  during  h'gh  g nanoauvres  on  a snail  oonbat-triinor  aircraft  aro 
illustrated  In  Figs.  11a  and  11b.  In  these  figures  power  spectral  density  of  I'luctuatin  - pressure  p la 
expressed  in  tansa  of  (p/l)^  par  unit  bandwidth,  q balng  the  dynanlc  pressure.  Following  the 
qualitative  method  of  Interpretation  daaeribad  .above,  the  dashed  line  in  each  case  represe.nts  nn  estinats 
of  the  intensity  of  tha  local  broal-band  aarodynaadc  excitotirm  and  peaks  rising  significantly  a1  ova  this 
level  are  token  to  ba  aaa>  dated  with  motion-dependant  aarodynenic  pressures.  In  parti culur,  by 
oosiparing  tha  spectra  at  the  inner  upper-surface  atatlon  nnl  the  lower-surfaco  st.ation,  under  conditions 
of  neJ'.um  (Fig.  11a)  and  heavy  (Fig,  11b)  buffet,  it  can  be  seen  thnt  the  rolafve  contributions  to  the 
ncticn-dei endent  aerclyr.ai.de  force  (including  darping)  of  narticular  points  cn  tl.c  up(»r  and  loner 
curfaces  cf  tl.e  wing  can  depend  stmni'.Iy  on  the  level  of  buffeting  intensity. 

Finally  wo  note  that  whilst  measured  fluctuating  pressures  on  a struoturally-respt nd ing  wing  can 
provide  useful  information  concerning  the  spatial  extent  of  regions  of  ssparstod  flow,  and  quolitativs 
informatlan  concerning  the  spatial  distribution  of  aerodynanic  excitation  and  damping  fields,  tide  quan- 
titative separation  cf  these  two  preaaure  fields,  and  subsequent  integration  t"-  provide  both  generalised 
excitation  anl  damping  forces,  poses  severe  problems.  Aasuming  that  the  only  affect  of  w'ng  notion  is  to 
produce  a linearly  dependent  rressure  field,  the  properties  of  the  excitation  field  nay  in  principle  be 
deduced  from  Deasurcoante  at  frequencies  other  than  those  of  stnicturol  response.  If  the  excitation 
field  is  then  assumed  to  behave  smoothly,  in  terms  of  frequency  across  stiuotural  resonances,  its  overall 
properties  siiy  be  deduced  by  interpolation  with  respect  to  frequency,  and  results  comparable  to  those 
dsscribod  In  section  1«,1  (rlgil  wing)  may  be  obtained.  On  the  other  hand  theio  appears  to  be  no 
satisfactory  way  of  extracting  the  aoredynamie  damping  field.  As  explained  earlier,  the  shape  of  the 
jiower  spectrum  of  fluctuating  pressure  p(t)  in  the  neighbourhood  of  a structural  resonance  depends  on 
the  degree  of  correlstion,  and  the  phase-relationship,  between  the  two  conponant  pressures  Px(i)  and 
Pd(^)"  Thus  the  properties  of  tha  damping  field  pg(t)  cannot  be  obtained  from  measurements  of  p(t) 

alone,  Voreover,  the  cross-correlation  of  p{t)  and  the  notion  of  the  wing  cannot  provide  a satisfactory 

koans  for  separating  p,(t)  and  p,j(t),  as  wing  motion  is  oorrelatsi  with  both  pressure  fiel.ls,  the 
correlation  with  the  daiqhng  field  arlelnr  directly  throii,-*.  the  aerodynamic  responae  and  the  correlation 
with  the  "Xcitation  fialJ  arising  throjgi.  the  flexible  response  of  the  wing  stiucture. 

Throughout  t.^e  above  discussion  we  have  assumol  alructupi)  lamping  to  havs  a negligible  effect. 
Whilst  on  the  basis  of  current  information  this  appears  to  be  a rsasnnabls  hypothesis  for  mar\y  flight 
coniltionc,  there  renains  soce  unoertalnty  in  this  aroe,  Istimatss  of  structural  iaeping  are  noimally 
baaed  on  ground  resonance  tests,  anl  such  teste  usually  ref  t to  wing  loaiing  equivalent  to  1 g.  At  the 
high  values  of  lift  relev.ont  to  hurf'-ting,  however,  the  appropriate  leading  may  be  as  high  .as  / g,  and  in 
this  situation  structural  dinping  is  not  generally  measured.  Nsvertholsss , whilst  a large  static  load 
will  probably  have  -an  effect  on  friction  at  loints,  etc.,  there  is  nc  obvious  physical  reason  why  the 
structural  damping  should  bo  systomatlcally  greater  In  thl.s  case. 

5.  FLUCTUATIN';  RI3ID-B0DY  VOTIOIIS  OF  W:  AIRCRAIT 


We  turn  now  to  aircraft  fluctuating  motion,  associated  with  wing  separated  flow,  in  rigid-body 
response  modes.  The  frequencies  involved  are  lower  than  tliose  associated  with  airframe  flexible 
response,  and  can  have  a direct  effect  on  the  controllability  of  on  aircraft  and  the  ability  to  hold  an 
accurate  flight  path.  From  the  pilot's  point  of  view,  whereas  sircraft  flexible  response  may  be  said  to 
influence  ' rl le-quallty ' , rigid-body  fluctuating  motion  also  wlvsrssly  influences  'handling-characteristics'. 
The  most  important  example  of  rigid-body  response  in  this  context  is  the  latsrsl  fluctuating  motion  known  a* 
'wing-rooking*  which  is  knovai  to  have  a detrimental  effect  on  alr-to-alr  tracking  capability.  In  acme 
situations,  however,  longlludinal  rigli-body  motion  plmys  a slgnlficent  role,  either  in  the  form  of 
predominantly  longitudinal  motions  or  by  coupling  with  the  lateral  degrees  of  freedom. 

5.2  l£ngitudiMljjotlon 

Pilot  descriptions  of  aircraft  fluctuaUng  motion  at  high  lift  inoluds  the  expressions  'bounos*  end 
'porpoising'.  These  refer  to  types  of  longitudinal  motion  at  frequencies  primarily  influenced  by  aircraft 
rigid-body  modes.  Tho  former  is  a description  of  a typo  of  motion  peroslved  as  fluctuations  at  about 
2-3  Ht  In  normal  acceleration.  Idle  latter,  porpoising,  probably  involves  both  normal  aoeoleration  and 
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piti'hlnr  Bntinn  and  Ukee  plao«  nt  a nithrr  Inner  frequency. 

Prr»  the  pilot's  point  nr  view  thorn  ic  probably  no  clear  Uatlnctlon  between  the  ^pes  of  i&otirn 
Bentirned  above  an*!  aircrii  t buffotlnr  that  takee  place  priaarily  through  the  reafmnce  of  the  flexllle 
atnjcture.  Ii>  wevor,  for  the  purj^oaec  cf  theoretical  analyals,  the  appropriate  refipunae  for 
culcul/ttionr  of  bulTiAiri/*  intensity  (in  *4*nrfl  of  nornal  aeeelerutlon)  depends  upon  the  frequency  ranf^e 
It’,  tr.'>  r“jJiofu"  'j  to  bo  »'v  ilujitod,  Ir.  aoction  3 »o  rhcnod  how  buffetini'  Jn  ti true tural  tno-l'-o  nay 

bo  n.ojoil  *l  -ir  '.vlt.  • floviMc  icijnnae,  !<’w«v«*r,  If  v.e  are  concerned  with  ren'onra  f luc*.u-itlc!.r.  ut 

frx»  pjer.c '.I’d  h- ■*  •?.  V-.a  rf  the  f.r.it  wlnp!»b'»nl!rj>:  r^'ln  (a*y  below  bout  7 Hr  on  i c^ttb-»t  ntrcrift)  H is 
BTo  '-'ix'r"  tr  .-naldor  alrcrift  ririd-b<*ly  emotion*  ?*oreov»r,  if  we  are  concerr.od  with  buffeting  in 

t'.*’  vleintl  ’ I r t...‘  nolor  cf  the.  firct  wlnr«benJln<j  laodn  (ani  tlio  pilot  rviy  sit  at  n point  «hern  tlio  HiriplI- 
til”  ( T.lfij*-:  c-i.iit.f  rf‘spnr.00  is  Polativ''ly  i ci|»nlflcont  part  of  the  onery  in  tho  fr"^  luor.iy  nn^a 

u’  r;  Ils  uculi  'ipf  u »r  n.a  :i  rii;l  1-body  motion, 

sinple  api  rt^  xis.atinn  to  longitudinal  rl^id-body  aircraft  aotim  niy  be  derived  by  nep^ectln^ 
pitching  Bcticn  ar  ! censiderin/^  tlie  response  in  heave  (translation)  only,  fl*',  12  lllustrattc  the  block 
ilj,*r>9  for  the  h^^iyinc  D;ilot:  (of  an  aircraft  with  mass  b ani  winp,  areu  S)  ncdellad  in  this  manner 
(‘I  8p«*ci>il  case  or  Fl(f,  2b],  The  tot/J.  aerodynaclc  force  q(t)  is  expressed  as  the  nuo  <f  two 
coeprnents,  a fluctustin^’  aeru.iyr.asiic  excitation  Pft)  having  no  i'eedback  from  aircraft  m ti«  n,  and  an 
aeroiynaalc  linping  centrtbutior.  expressed  in  terms  't‘  lift  slope  ’a*.  The  oorreffor d ir.r  dlff-  rontlal 
eqa  tion  is 

“It  * ipVSa»  « F(t)  , (S) 


.vhero  w(t)  is  aircrjft  ho'ivir.^  velocity. 
cl‘  F(t'  or.  norn.  .1  .i{'col'’'rati  on  *(t)  1* 


* 


where  a a 1/dt 


The  equivalent  transfer  function  equation  doaerJbln^:  the  effect 


(10) 


Asa 

a * IpVSa  . 


A 'break  frequency', 


related  to  the  tlirc  constant  d’  the  above  first  orlcr  eiu-Mnn  in  .*jven  by 


? 


1 B 

fe  r 


01) 


For  frsqu.nolea  abov«  ?.  the  effect  of  ^anpliv’  on  the  heaving  acceleration  dw/dt  beoooea  amoll,  Kore- 
ovor,  the  effect  of  unsteady  aorodynaolce  reduces  the  inl'luence  of  d.irplng  still  further  at  high  frequencies. 
On  the  assucftion  that  the  power  epectral  density  ♦,  of  F is  constant  over  the  frequency  range  of  interest, 
and  introducing  a linenolonless  parameter  B,  dependent  only  on  flow  geometiy,  we  nay  write 

♦,  « 7*^  (qS)^  . (12) 

The  rr»ot-nean-8quare  intensity  of  acceleration  correspondinr:  to  an  arbitr-iry  fix<‘l  'as:  band  above 
frequency  f then  aatlsfiet  tho  proporti^*nali  ty : 


03) 


As  a nuDerical  example,  we  take  a typical  small  military'  aircraft,  say 


a/s 

= 60  lb  ft"' 

lift  slope  a 

3 1.,C 

Mach  number 

3 0.7 

altitude 

3 10000  ft 

then 


f = C.2  Hs 

At  frequency  f the  effect  of  dan^inp;  is  to  reduce  the  amplltulo  of  fluctuitinr  acc»*lontion  to 
about  66?'  of  Its  value  without  damping.  However,  at  frequencies  above  1 He,  tuo  aoccleratior.  amplitude  is 
at  least  97/*  of  its  undamped  value,  Thuc  , irs  ri^uatlons  in  which  hoavln*  •’'otinr  nakec  a .ai  *nlf  leant 
contribution  to  buffetin.'  Intensity,  for  example  it  poaltinna  vory  doer  to  win  -ben  iin;*  no.lr?  at 
frequenolea  in  the  rnniy  1-10  Hr,  the  nffeet  of  aoir*dynar;lc  lampinp  is  no  ’li.'iblo  and  buffrtir.f  intensity 
c'ltiofien  equation  (13),  A particular  ronse  juer.ee  ia  th  it  at  a pivM.  v.luo  Per  rxa:.:!*'  for  flight 

at  constant  incidence  or.  tho  nosurr.ptinn  tlvit  Hoynolds  number  effects  ai'c  no'li/'ibi  , Uu*  buffet' /ir  reciionsr. 
at  fixed  ?*ich  nuirbor  ar.l  within  a fixed  frequency  ra;j,'o,  is  iircctly  piTj'orti  j' iJ  tn  oxcil  't’or  and  honce 
to  q,  and  thus  at  cr.nrtant  true  airr-poe:l  vaife.'^  linearly  with  air  denriit,”  ■ . Allt-i-.’.inr  for  chanres  in 
airspeed  with  altituk*  the  va’*intion  is  aj  roxlr  ■ toly  with  p . Thin  contracts^  .'.iti;  tlio  case  of 
response  in  a flexible  mole,  wa*:i’e  buffotinf^  intensity  at  constant  airapoed  i:j  proportii'n  il  to  p » ; 
allf'winj;  for  (■'.an.’ios  in  nlrspeed  with  altitude  this  becomes  p 
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Hm  «ial]rsl«  pr— la  tMa  aaetlea  la  tha  rlel4-^o4y  ai|iilaalant  of  tiia  fOrea4^kratlea  tyft 
of  aaaXjala  aaad  fbr  ali^  atmc%iral  raapoaaa  la  aaetloa  ),2,  Hoaaaar,  It  atoiai  ta  nota4  that  la  tha 
caaa  af  alraraft  rlglMo^  aetloa  It  la  aora  llkaly  that  tha  afTaata  of  noallaaar  aaaa  aaro^paaala 
faroaa  hacoaa  al0iirieiiiit.  la  particular,  tha  raeularity  of  tha  'porpeialne*  aetloa  autgaata  that  tha 
poaalhilltr  • llalt-ajcla  (aoallaaar  fluttar).  In  ahloh  tha  parloile  nuetuatlona  la  the  flea  rial4 
hacoaa  eouplad  Aateratalaticalljr  to  tha  aetloa  of  tha  alng,  cannot  be  nilad  out. 

5.3  Utaral  ■attoa 

Iha  prlaeipa.  ualaalrabla  rigia>bo<)r  aotlona  la  the  eontaat  of  handling  chamctarlatlca  of  eohbat 
aircraft  at  high  lift  am  tha  alag>facking,  alag-dropplag,  and  noaa>allca  phaaoaena.  dlngrocklng 
ahnuld  ha  dlatiagulBhad  froa  aing-droprlnc  and  aoaa-alloa  In  thit,  ahilat  the  letter  tao  any  pmaaat  a 
rajer  haiarl,  poaslbly  laetlng  to  loaa  of  an  aircraft  In  extmaa  eireuBatancai,  ulng-roeking  ahoull 
generally  ha  mrardad  aeia  In  teraa  of  mi!aanoa,  dagradlng  weapon  aiainr  accuracy  hut  net  aaoasaerily 
Uniting  aaatalned  canoeuama.  hhamaa  Biag»dropplng  and  neae-altce  am  mlatiaaly  wall  undaratood 
pheaoaaaa,  taking  the  fem  or  a dlaorgence  aaaoclated  with  loaa  of  lateml  or  dimctlonal  atabllity,  the 
provialon  of  an  appropriate  thaomticil  aelel  for  alng.iocklng  la  an  outatandlng  problea.  A principal 
objactiae  la  a naona  for  mlatla*  the  ^naalc  notion  of  the  fulUacale  aircraft  to  noaaumnenta  that  can 
ha  Bale  ualng  rigidlv-nountad  alnd-tunnel  nodala. 

Tuo  boalc  VP*o  ''f  analytical  cndel  aaiat  for  alng-rocking,  analogoua  to  tha  ayatana  llluatmtad  la 
Fi*a.  2a  and  2h,  ona  mpmaantin  - .an  autononcua  oaelll.tton,  or  liBit-cycla,  and  the  other  an  aamdynaadc- 
ally  reread  maponae.  If  ain'-rocklni'  t.okaa  the  fom  of  an  autononnua  oaelllatlon,  the  ayotac  la  unatabla 
over  a llsltnd  range  of  aaplituloa,  but  conatr.ained  to  notion  of  finite  ar.|illtude  throuf^  the  a*latanca  of 
nonlinear  aerndynoBlc  forcea.  (7o  uae  the  expmaainn  'unatabla*  (above)  in  a broad  aenae  to  cover  both 
<jmarleally.uns table  eTj'.llbriuc  confl.ruratlona  <nl  aryrjsetrlcnl  confi  ■ointlona  which  am  not  even  In 
static  e'jiilllbriur). 

Idle  ai -plozt  .analytic  .1  nodels  for  the  caae  of  autonoa'-us  nacillatlona  a«clu.le  hyatamsis  anV°r 
tire-lag  -ffects  a;vl  arc  mlated  to  a change  fron  poaltiva  to  negative  doBring.  Tf  it  ia  mpilmd  to 
sodel  conlitionc  ''f  austalnei  «in«n>ck,  in  which  the  oscill<atlnns  continue  slth  approalnotely  conatimt 
ar  lituie,  a nonl*ne>r  ornel  la  called  for.  It  aty  be  r.eceaaatt/  to  include  a ar.umo  of  additive  nolae  aa 
a mans  of  lntf»'ducing  a~all  porturbat'. ona  ab-ut  tlie  bialc  llrdt  cycle.  If,  however,  it  la  m‘]ulmd  to 
Dolel  conditinna  of  trinalent  miar^mck,  te.~nin>tol  by  the  pilot  mducing  tho  aircraft  angle-of-attack, 
then  it  C.V  he  sufficient  to  cs^lny  linear  eiuitinns  (with  negative  dontinr)  to  describe  the  rate  of 
growth  r t.he  SBolitule  of  oscillations,  ld>e  aalstence  of  ailitive  noise  la  a 'win  likely  bo  distort  the 
oscill  itory  Dotirn,  part!cul  :rly  In  the  initial  phase  when  the  aBilitu'.ca  aro  aicall.  Testa  Kith  wlnl> 
tunnel  oodela  are  in  ;rincl;  le  caj«ble  of  : mdlctin.’  the  onset  o;  t^iis  cl.asa  of  Botlona  thiough  the 
Ir.Ucitlon  oj'  a loss  of  aepolync:;c  lanuin^.  For  this  a.-ellc  .f.on,  tl.e  aerolyn.onlc  neasurer.ents  shnull 
be  nale  on  a co-plete  :o:«l  ar-  .is  to  incluie  ofCecls  of  .,lnr  soparited  flov.  on  the  ro  ir“fuaela.*»  or  tail, 
Hoaev  r,  the  p.-et'etion  oi  tiv  n-ture  of  tar  coliou  cubic  juent  U initial  llver'ence  ia  laioh  Bore  dlffloult. 
If  it  ia  lesirel  to  reij-t  the  co  ple*,e  slr.--.ro*kln  ■ Bctl'.n  as  .in  autonoD-<ua  oscillation  then  the  aero- 
lynunla  forces  (incluU-./’  t .oce  deponient  on  aircraft  r loj  of  iiotlon)  need  to  be  . nown  as  functions  of 
.ircru't  aneulv  iisplac  no;  ts,  ml  accun*  siiould  also  be  taken  of  the  possible  eKiit'-nee  of  hystemsis, 
for  Instance  in  roll' r. --Bct.nt  rearure.-«nta.  This  tyae  of  oredlcticn  h.ia  not  sa  yet  been  attesrted,  and 
Indeci  ' t is  clc.r  tk.  t a corplete  -i.ilyils  voul ’•  be  ono  o!'  core  oorplevity, 

?*!#  altciriutlvu  ros.i.i'iiy  it  th..l  wir/'-rcic-ir  • take.'  *.>■.'■  fori  of  5-.  am V'-a'.’eally-forcol 
vibr.ti  a (in  tlx  toc;;r.i:i!  u-nae  cutlinel  ia  s>;ctlo-i  ?),  excltel  iv  riuc'a.tln,^  .a 'ro'.ynaalc  forces  ahloh 
ar-  Indapw-dei.t  --f  ciog  lilion.  rollin,-  in',  ya.ii  ,-or.icnts  h -.vo  in  the  [-uct  beer,  obeerved  on 

rlgldly-v  ur.tod  eir...-tu  - el  *.  1«ls,  *ut  it  i r.i  t kno.r.  ur.lor  . h .t  e:;-ru- it  .news  co.plin,-  (Iccklr.  -In) 
bet-o-ei  rjca  field  snd  r'-tlon  take.'  ;ia~o  'n  . eor-espoadin,  dynir’c  si  tuitifo,  fn  the  .ai  iu”pti"a  that 
il '••Iflc  nt  r*r..oi.  fcr.e  .r  --“r  t co-.p'-u.  . ..  • or.  ijt  tiiro.-j'i.o.t  ♦;  ? ’oticr.  ‘'me  .imlyMoal  role'  then 
reseailes  '.r.  rcneril  itrueture  Ih.t  ua-l  to  *e.  ^nlbo  buffotlr,;  (:-.-:tier.  ?,i>,  an  ai-rolynaric  evcitaticn 
foreo,  .B.lojc..  »u  x(t>  ’n  e;uiti-.n  proiucla.i"  flue  *ai  itlons  li.  t..-.-  rof;cnn-  f -n  eaaontlally  stible 
c/it-'t,  ■ v il.mt  of  *Mc  red-*l  occur  i.  ta  • c £i  of  'rrl'ic  il  flue' ualirnr  of  •;  soft  cede*  (Rer,/),whem 
ti.e  ip.froucn  to  ■ conlitlon  of  *isa|pe-..-in,;  ctiffheas  leads  to  an  o-tpllfic  t*on  of  tiin  farced  meponse, 

Zxiie-ioi.ce  with  a ran.—  of  hi -! -perforr.  mce  alrci-ift  ov”:*  *1-  p -st  fer  y'l  irr  his  provided  a wide 
V r'.  :t  ' 'f  i ’ due ‘ e- ti one  'f  *.!ie  Vt-c’  of  h- .O' ten'  outlir -i  abovo,  pl-s  Incluf.?  loss  of  lateral 

stiffno.oz,  d..t  lar‘o1y  *<  chin.prs  In  *he  nv  dorivotivc,  loa’"r.  to  *yar-off*  or  *nose-cllce* , loss  of 
Dut-!;-roll  ; rein  - (du..  fir  ‘nstince  to  char."*.-  in  tr.o  3j,  anl  n.,  ierivetives)  leiHr..-  tc  .. ln,;-rock'5, 
ai.’  .-.  case  of  wlnf-roc'<  Kh'i-e  no  lose  of  ct-.sill'^-  Is  -.f  ir'.i*  fric  *-.e  ce.isured  st-ibillty  derivatives  and 
the  ohenaoenon  h.s  *hus  beon  reo-i.-de!  as  *i  'forced*  rctl-n,  nssocl.ated  vrith  a ronlorly  fl uc tu--< t i ni*  win,’— 
flow  field.  It  !c  cloo.-  thit  no  adn.’le  paraneter,  or  corblratl'-n  of  piraixtors,  con  prrvlle  a r.ensure  for 
".ircrift  hinlling  -ju  litles  »t  hi  *h  ar.glo  of  att  .ck.  In  »on.3  cases  the  ph-.-nonenon  of  winc:-roek  is 
regarded  by  pidetc  a-  n'  .-rope  - taMo,  in  'he  ser.i-  th-.t  the  rare  alrcrift  flo.-.n  by  the  some  pilot  In 

a parentl-r  the  ca'o  conditions  r.'y  or  criy  not  exhibit  wln.-r-ri'ck.  The  explanation  :v\y  be  that  rolling 

anrent  behaviour  fa  a-n.-.ltive  to  snail  changes  in  aides]  Ip  -m  :lo  of  which  the  pilot  ia  not  aw-ire,  A 

furthi-r  cor.i.lleation  is  ti.e  effect  on  st-ibllify  of  pllo',  control  inputs.  For  evrir.ple,  in  tho  absence  of 
contrel  forcer  ti  e parr:et'.-  ciT-treld  im-  Duten-r-oU  ctiffr.ass  is  nv  - sin  a known  aa  'dynamic  nv*. 

Rewev-rr,  the  uae  of  ailetoms  by  th-  pilot,  in  a.,  attes-nt  to  kaep  win’s  lavol,  cm  lead  to  divergenca  at  a 

lower  angle  of  attar;  on  accoint  of  t yowin  - nomnts  intn-duced  by  aileron  lefleetions. 

c.  siuro  TPiis 

The  coneaptr  utod  In  prescrlbin.*  aoppr.prlata  ar.  lytlcal  an-iela  far  the  fluctuatin  * notion  of  a wing 
in  tine  ;.msance  of  set.aratel  flow  ar-  applicable  in  a ■err  g-ner-il  rin,^  of  situationa.  '.n  inatnietlvw 
-xar^ple  is  thit  of  a circud  r cy' Inde.’,  transverse  to  the  roan-floH  iim.-tlon,  she-l:ing  a rc.’ulsr  vortex 
street.  In  tho  case  r-  a ri fi dly-r.-'un*x-i  cylln-der,  ter.pite  t:.o  higli  lei-reo  of  order  In  the  vortlcl^ 
liitrlbutlon,  *«  have  an  ex  ir.pl e of  „ •ronlo='  flos  fiel  d,  sines  the  i.haae  of  the  flow  fluctuations  ia  not 
det-irtiinod  by  tho  bour.d-rr  conlltl-  na.  ilosevor,  if  the  c/linler  is  H'-untei  on  elastic  supports  so  that  it 
is  free  to  respond  h-n  ailcaldy  In  a llreotion  transverse  to  the  .oiow,  the  phase  of  the  flew  fluctuations  aay 
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letorc' nistiv  'll,v  rclat4'l  ti'  tlic  eyllnler  rotion  if  the  structur'il  stiffneas  is  chosen  an  that  the 
n.tui  il  fiv  jUenoy  linr  sufficiently  eloao  to  the  etrte*  shelUn^’,  freiiuency,  Shen  this  phenone- 
non  occur;-,  the  couple!  notion  is  appropriateiv  rern'iel  at  « liiait  cycle  anl  twisuresienta  of  pressures 
ml  forv'es  'n  the  pl-*i’ly-c  unted  cylinder  c-uinot  bo  sensibly  rel  itel  to  the  E»tiOB  of  the  tynanleally- 
nnuntol  cyllnierby  •force l«roaponso’  c ilcul  tiona. 

In  the  ibov”  sltuatirn  ee  niy  s ,y  that  the  cylinder  Is  •structurally  reaponllns^,  A related 
eenerlffont  nay  be  perforoel  in  which  ‘he  cylinler  Is  •erteir.illy  force!*,  by  oeans  of  iaprsed  constraints, 
to  perforc  sinusoid  tl  oscillations  of  pmsorlbol  tb  lltute  and  frequency,  Arpiin,  if  the  aaplltude  of 
rotion  is  sufficiently  lar,**',  ant  the  fen-in(t  fropu  -noy  (Strouhal  nunber)  lies  in  the  nel^bourhood  of  the 
naturil  vortes-shedlir.i;  fpeiuency,  the  phase  of  tJic  flow  fluctuations  B»y  becooe  controllel  by  the 
cylinder  Botion.  This  Is  sn  ewtrene  ew  .r.ple  of  the  rhenosienon  that  a chanjeower  fiUB  a ’rindoB*  to  a 
• letercinlstlc*  fl"*  flell,  .a:.l  a corresponUn.*  neoessaip;  oh«n.*e  In  the  nature  of  associate!  dynar.lc 
response  calculations,  c r.  occur  as  tl.o  nem  aaplltul*  of  structural  Bctlon  Increases, 

■’rlef  Bentlon  =.ay  be  Bale  tie  re  of  the  relatel  topic  (In  tint  It  Involwes  flo..  fluctuations  and 
win*  B-tl  n)  of  panel  vibratl'n,  Insteal  of  fluH  Bi-ti  n Involving  separitel  flow,  th<  problem  usually 
studlel  Involves  ti.o  artlon  of  a p -.nol  In  the  presence  of  a fluetuatini’  turbulent  bound  iry  Inyer.  A 
eoraonly  used  precelure  is  to  ne  .sur'  fluctuating  pressure:  on  i rifi  1 panel,  and  to  use  these  In  con- 
junct! n eith  loro  tyr.ar.* c l itt.-inr  -s'lisite:  to  cilculate  the  aoti' n of  n flexible  p incl  as  an  aerolyhian- 
Ic  •H.'.'-fot^c  1 resp  :ns<".  Alternatively,  the  p.anel  oscillationr  eoDetlre:  oc  ur  .as  nonllr.e-ir  flutter, 

Tb.-'se  .il'emitives  !.avt'  be.’u  lircusscl  In  <ef,16,  ’n  the  latter  case  the  1 .areer-scale  bounl ary-luyer 
flu.'tuit.ot.s,  which  orv>  r;nlo-  n the  rl-’il  panel,  tecoae  coupled  letTclr Stic  ally  to  tlie  panel  BOtion, 
tlao  tl.eorp,'  of  L«r.l  ihl’^,  in  which  the  lap, 'e-scale  turbulence  correnents  In  n bound  iry  layer  or  a rigid 
Will  lire  calculate!  as  the  cost  li’hlly  di"jiel  el^n'tolcs  if  the  fissociatei  linear  stabllltv  problem, 
f— • ests  tha*  i fora  cf  nonlineir  coupling  coull  arise  In  which  the  1 ar.-re  scale  fluctuating  coBp;ononts  in 
♦‘■e  tubules.*  fl  .1  past  a flexible  panel  are  relabel  to  the  elgeniscles  of  the  linear  stsbilify  problac 
tcludir.g  wall  flexibility.  Tills  !s  only  to  sug  wst  possibilities,  hcwevei,  as  the  theory  for  largw- 
ssile  turbulor.ee  fluctu  itic-.s  has  r.ot  yet  reached  an.y  ger.onlly  accepted  f'rr,  a fa.  t wi.leh  sepv 'S  to 
es-harls"  th -.t  the  type  'f  pr-Mor  iisc..;sel  in  this  paper  can  at  present  only  be  *rc.lel  by  fisi- 
e.-  iriCil  analytic  .1  theories. 

7,  zcriV-H"'.  :ir7.  .MZ 

*o  have  discussed  Ir  whici.  ti-.c  inherently  unsteady  nature  cf  separated  flow  inter. cts  with 

aircraft  lynu-ic  resyc.nse,  ai.i  niviewel  the  prot’es  of  fartsalating  appropriate  tfiecretical  oriel  structures 
for  s.sh  ccndltlons. 

Fr.'l.cil  a*  j-.,l«;r  Ir-l  -if  air  r-ift  bujfeting  ar.l  win-’-rociting.  The  Irportajice  of  underctanding 
t:. c :her.r-er.„  li.e.c  ir.  the  f a *.  th  t*.  r.'  itrr.  hi <v.-p- rfcmr.ee  ilrcraft  ci  ter.  have  to  eper  te  in  such  states 
Ir  Tier  *o  fully  evr  3 :t  *h-  ir  ri:...euvrr-  fli -ht-er.velope.  Applications  'f  tfcecretical  oriels  of  the 
pher.cr-.-r.a  fnclu.t  plar.nii;-  i-.i  Interprotfition  f apprepriate  win  !-tu.m.el  ticsts,  as  a basis  fer  prediction 
•f  f..;i-sc-le  b>:r.a\i-r,  ;r'  Ticr.ine  of  -rcuh  l-based  ■ Ir.-ul  • tic  ns  cf  r.anceuvcrir.g  conditions. 

Tl.  r.."aal  ’. :,ter ■ . • i r.  b-t*— .n  . d.viiv  Ic ally-t^spon lin.-  wing  and  a repurated  flew  fiell  can  take 
two  forre:  in  ' :.e  the  win  - r.cticr.  is  *f  rMel*  by  *i.o  flucturting  flot,  fieli,  In  the  other  the  Joint 

r'tic.r  of  win-  .-.I  flo  fiell  ari-e;  us  a • utu  il  inter’.cti' p.  listinctlor.  is  test  Iri  the  foraer  the 

r -I'e.r  r ;cs:  of  I'tfy  tramfor  fr»r  th.o  fre  etr»  to  th«>  fluctuitlons  is  ; r- lor.lr.antly  a flc-w-fleld 
; her.r z.er.f  n , *!■  re;  ponto  rf  •,!*■  air..-  pc  . ably  n.  lifyir.g  but  not  fur.iasioT.t  lly  interlering  with  this  process; 
ir.  *u.i  iat*.  i-  Cise  ti.c-  r.or.liri'  ar  e.'.ery/  transfer  :e;h  .ni;c  lepcnlr  f.-r.  tentiill.,  on  the  coupling  between 
:10i  fiell  :nl  win.-  i:o*lo.n. 

Ir.  t.ne  ca.o  • struct'jcil  buffctlr..-  of  flexible  -in  - it  it  usual  to  atsuxo  t.hut  u linear  forced 
vibrati-.n  cfd  1,  with  ler  lyr  ccic  cxcl'atl'n  bt.iniblc>  froi  rigl  1-wing  xeaiuroBenti  , is  applicable.  Ve 

'■•TO  rc-vio...  1 the  r.arwicr  in  wi.lci.  this  typ>«  rf  anil -sis  Buy  ba  applied.  At  the  naire  tire,  we  have 
cr.,hiri:c’  ‘hit  *l»c  ’l-its  f ai  p 1 i c -h  lllty  cf  tp.lc  a;;rc:..ch  an;  in  ne*-l  of  owporiront  <1  clarlf  icatlcr. 

It  is  liooly  ti.  t tlio  1 i.-i  t iti< ; s arc  greatest  it  high  lutf'r.lc  speeds  ani  irr  flexible  srdes  which 
emtri  .t<  r 1 T.: ficantly  to  Inoilence  variatiois,  as  there  is  evi  loncs  that  the  wing  actir.n  ouy  in  this 
situiti':.  c<  •pic  i.  a nc;.l  i neap  -antiwr  with  foro-aal-»f  t sctlcr.  of  the  shoou  wave, 

«e  tn  re  iu  n intro  .sing  trc.-.l  tow  arts  the  use  #3f  fluctuating  pressure  aBiEuroBonts  fer  the  study 

of  huff-si.'.  , -•  have  lls:-t-ed  ti.e  interpr.'t ation  of  suer,  •c.isurecei.te.  A conciuslciP.  drawn  free  this 
li-  uiciur.  Is  *.'i;t  t •ur  .l  • les.  ur-.  fluctuations  cn  a 8tructurilly-i*ecpor. Ung  wing,  si  in  fligjit  tests, 
ar-  diJTicuIt  to  irib‘t;i  t m.  a ia  .i.ti  t i‘,i  v>-  bisi>,  owl.-,-  to  tie  But.il  s.iticc'ilatlon  of  aeielynaclc 
exsit  f i r*  i..  r ■ ic  ! .“;i.'.,-  f'  rtos  -at  the  nutunl  fre  puency  of  winr  aiotion, 

tn  th'  a;su  -‘.l  n *-h.  t *jie  fnreei-vibratior.  aa.lyticil  ar-lel  for  buffeting  is  upprop riate,  Bsasured 
riuctuatin,'  pres.ur-’s  on  a rigid  win,'  re/,  in  principle,  be  used  In  conjunction  with  esticates  of  aero- 
v".  tic  iinp.ir.g  in  a resooruif  c.lculitlcn  for  buffetlr.p-  wr.pl  i lu  les , However,  flight  tests  bswe  indieatsd 
slfn.ific  sit  change.-  *r.  lemiynacic  ia-p  ing  as  sepwi  wted  flow  develops  cn  the  win|i,  indicating  the  need  for 
further  re -e arch  in  this  are  ;. 

■n*e  possibility  ruas  be»n  iiscussel  ,f  roiaating  the  ing-rock  phex.crei  rn,  which  is  km  wn  to  signi- 
ficantly degrade  pre-islrsn  ♦racking  ability,  to  neasurable  ch'iractoristlc.'  of  a th-  orotlc  .1  Kiel.  An 
irpsrt  int  objective  f this  -w  rk  is  a ce  uii  of  relatln.-  deyrilation  in  aircraft  hinlling  charwcteristles 
•under  -unoeuv-- r .n ■ ccr.liti  ns  to  r*-a;urcEe:.ts  *hat  c u-.  be  sale  using  winJ-turjiel  no'.elt.  Theoretical 
oi.ar  icV  ristics  whJch  -art  thou-'ht  to  have  beer,  associ  ated  in  the  psst  with  oscillstupV  or  divergent 
:.hen>  rifcr.a  on  o r-r.gc  of  aircraft  dnciule  lo.s  cf  Outc..-rcll  Tarying.  loss  cf  r)ut?h-roll  stiffness 
(dyri  aric  nv/  ' -1  .'odlfued  Sutci.-roll  respense  forced  by  •:  rarHotay-nuctu  .Ung  eing-floe  field.  The 
conclusion  has  be'M  draer  ti..t  no  sir.gle  narisBter,  or  combination  of  parnaeterw,  cei  proaride  an  overall 
seas’-re  f ■ r ••lrcr:-r*  J •.n-’l  d-ag  'j-j-lities  high  on^e  of  attack. 
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The  general  "atate  of  the  ait"  with  regarda  to  hlgh- 
ineidenoe  pre-atall  behavlcur  la  dlaeuaaed  In  tama 
of  fluid  flow  eharaeterlatiea  and  the  eorraaponding 
flight  dyneale  phenoneaa.  Ihtrtieular  attention  la 
foeuaaad  on  the  reaulta  of  recent  work  undertaken  In 
the  U.K.  on  two  eery  different  phenoaiena,  each 
aeparately  deaerlbcd  by  pllota  aa  "wing  rock".  The 
flrat  la  aaaoclated  with  a "collapae"  of  the  dutch 
roll  eharaeterintles  to  a divergent  rolling  oaclll- 
atloti  and  the  aeeond  with  the  rigid  airframe 
responae  In  the  dutch  roll  mode  to  the  low  frequency 
content  of  wing  buffet. 
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1.  INTRODUCTION 

Kany  current  oonibat  Aircraft  have  very  similar  wing  planforms  in  terms  of  aweepi  aspect  ratloi  and 
taper*  These  similarities  lead  to  a number  of  corresponding  similarities  in  their  ntalllng  and  buffeting 
characteristics*  Work  recently  undertaken  in  the  U.K.  at  the  R«A*K>  and  B.A.C.  - M«A*D.  (British  Aircraft 
Corporation!  Military  Aircraft  Division) * has  extended  our  knowledge  of  the  phenomena  involved* 

Ttie  fluid  motion  characteristics  of  the  type  of  flow  met  on  combat  aircraft  wings  at  high  incidence 
will  be  discussed  briefly* 

This  will  be  followed  by  a general  description  of  some  of  the  flight  dynamic  phenomena  associated  with 
flight  at  high  incidence* 

The  main  part  of  tho  paper  deols  with  two  pnrticular  phenomena,  eaeh  separately  described  as  *'wing 

rock". 

The  first  is  aosoeiated  with  a development  of  the  negative  "dynamic  nv"  concept  suggested  in  the  U«S«A* 
HP  an  exflanation  of  "nose  slice"*  Kor  only  slightly  different  variations  of  the  lateral  derivatives  with 
Incidence!  it  is  possible  for  the  dutch  roll  damping  to  collapse  without  a significant  change  in  the 
"dynanlc  nv"*  Thin  reaultc  in  a divergent  oscillatory  rolling  motion  with  cignificantly  different  phase 
relatlonshipo  between  yaw  and  roll  than  in  a conventional  dutch  roll*  lliic  can  be  interpreted  by  pilota 
ar.  wing  reck* 

The  second  piienonenon  is  ashociated  with  a possible  "rigid  airframe"  response  to  low  frequency 
content  of  wing  buffet*  Tlic  care  studied  was  the  dutch  roll  response  to  buffet  of  an  aircraft  with  low 
roll  inertia*  The  buffet  levels  were  taken  from  publlohed  experimental  data*  and  the  buffet  spectrum  was 
approximated  to  that  of  "white  noise"* 

'.'he  paper  will  be  concluded  with  remarks  on  poasiblo  improvements*  In  the  first  place  tnese  will  be 
directed  at.  control  of  the  flow  development*  !!owever,  improvements  to  the  automatic  cont-ol  systems  will 
al£;o  bo  briefly  dlscuroed* 


FU'.»  IN7(LV>i;  Ih*  RbllAVIttk  (freely  adopted  from  Kef*  1) 


^*1  Initial  Aeaeasment 

'when  wo  consider  th<^  flow  develcpnent  on  wings  with  moderato  sweep,  (say,  up  to  50*^,  as  on  dagle, 
Jaguar  or  Inter  marks  of  l irage),  the  two*dimensional  neetlonal  characteristics  lose  their  slgnifie* 
once*  '<*ith  increneinf  angle  of  nwoep-bnek  the  flow  must  be  regarded  as  a three-dimensional  phenomenon 
rather  than  a piece-wise  collection  of  two-dtmencionsl  characteristico*  However,  the  main  three- 
dir.ensional  eff»'ctfi  are  nt  the  wing  root  and  near  the  wing  tips,  and  the  mid  semi-span  region  behaves 
fionewhst  like  a rhenred  Infinite  wing  - at  least  in  termc  of  the  type  of  pressure  distribution  developed 
before  shocks  and  ceparation  occui • 


The  main  factors  which  affect  the  flow  deve)cpm»'nt  are: 

I'i')  Tapored  swept  planforns  produce  the  highest  aerodynamic  loading  outboard.  Th»‘  effects 
of  nwof'p  and  taper  on  the  sjymwise  loading  are  shown  ir.  Figures  1 and  P respectively* 

In  .addition  the  root  effectc  are  such  tkfjt  for  given  Itcnl  in  the  region  near  the 

root,  the  ruction  prer-sures  on  the  upper  surface  are  :;hifted  rearwards  from  ‘^he  neigh- 
bourhood of  the  leading  edre.  The  opposite  occurs  in  the  region  of  the  wing  tips* 

Uil  he  normal  wing  body  interaction  at  moderate  to  high  subsonic  I'^ch  number  is  to  produce 
th"  conventional  "tltree-shock  system"  (r.,mjre  ?"’)•  The  inboard  aft  shock  ir  dominated 
by  the  conprocoion  waves  caused  by  the  restraint  of  *he  body  on  the  wing  flow*  This 
shock  can  be  reduced  in  strength  by  suitable  body-and  wing-root  shaping  which  can 
achieve  largely  isentropic  recompression  in  tJ.e  root*  The  forward  and  outer  shocks  are 
more  difficult  to  control  except  at  specific  design  points*  They  are  analogous  to  the 
shock  found  on  a 2-Dimensional  section* 

(iii)  The  boundary  layer  outflow  and  relatively  high  outboard  local  Cj^*s  at  high  incidence 
t^nd  to  make  the  separation  occur  earlier  outboard*  This  outflow  which  occurs  inside 
the  boundary  layer  in  due  to  the  pressure  gradient  normal  to  the  free  stream  direction, 

(or  indeed  local  stream  direction),  caused  by  the  sweep  on  the  isobars  which  is  there 
even  for  constant  along  the  rpan  and  obviously  for  the  more  general  case  where 
increases  outboard  along  the  span* 

All  these  points  tend  to  cause  the  flow  on  the  outboard  part  of  the  wing  to  separate  or  "stall" 
first*  Thus,  ns  separation  starts  to  develop  there  is  a notieable  change  in  the  wing  dominated  pitch- 
ing moment  and  the  lateral  derivatives  - in  particular  Ip  and  1^,  (rolling  mc.nent  due  to  roll  or 
aide  slip),  as  there  are  grossly  affected  by  the  loading  changes  at  or  near  the  wing  tip* 


near 
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In  addition  the  separated  flow  is  characteristically  unsteady*  Oecillstory  or  time  dependent 
rtep-function  forces  and  moments  nay  result* 

Cbvioualy,  we  must  look  at  the  flow  mechanisms  involved  in  a little  more  detail* 

Initial  Wing  Tip  r^enaration  - The  Possible  n.ow  Mechsaiams  at  Low  Creed 


I 


The  preceeding  discussion  suggests  that  stall  begins  at  the  tip  at  a certain  incidence  and  then 
moves  inboard  with  further  increases  of  Incidence*  Once  initial  separation  has  occurred  there  will 


M 


obrloualy  b*  attaehtd  Hew  ortr  th«  Inboard  aaetiona  and  "atallad"  flew  evar  tha  outar  aaetlona« 

Tha  flow  and  tha  davalopaant  of  tha  flow  In  tha  outar  atallad  raglon  ean  taka  aawaral  ferns, 
dapanding  on  tha  aaetion,  swaapbaek  aagla,  taper  and  "thraa-diuaaalonal  traataant"  sueh  as  twist, 

Ona  fom  is  a type  of  long  bubbla  sat  with  on  thin  sharp  nosad  aaetiona  in  two^^inansions.  Boundary 
layar  aaparation  ooeura  naar  tha  landing  adga  with  rs^ttaehsant  oeeurring  seas  way  downstraaa.  As 
tha  ineidanea  ineraasas,  tha  langth  of  tha  bubbla  ineraasas  until  sapamtion  oeeurs  at  tha  nosa  with 
no  ra-attaehaant, 

Tha  "daad  air"  ragion  has  snail  naan  Talooitiaa,  Daad  air  iapliaa  air  whara  thara  >ua  baan  a 
aignifieant  loss  la  nonantun  or  total  head, 

A second  fom  is  akin  to  tha  trailing  adga-typa  of  2-D  stall  where  aaparation  ooeura  and  tha 
aapamtad  Used  air)  raglon  eontinuaa  into  the  wake.  A third  fom  oeeurs  st  modarataly  high  sweeps 
whan  tha  aaparation  ooeura  naar  tha  leading  adga  and  tha  shad  vortloity  rolls  up  into  a eoneantratsd 
vortex.  In  thiu  esaa  thara  la  no  "dead  air"  raglon,  <i«a.  large  region  whara  thara  is  a loss  in 
total  hsad),  and  oonsaquantly  thara  is  no  loss  of  lift  in  the  tip  region.  In  fact  tha  lift  inersasaa 
baoatiss  of  tha  additional  auction  on  tha  wing  surface  Just  undamaath  tha  eoneantmtad  vortex.  This 
fom  is  often  eallad  "part  span  vortax"  flow  and  often  doainataa  tha  flow  davalopnant  on  the  wing  up 
to  quite  high  aubsonie  Mach  uuabara.  Probably  the  bast  known  aircraft  with  this  typo  of  flow  is  tha 
Anglo  frsneh  Coneorda, 

Returning  to  tha  first  and  second  types  of  tip  "stall"  whara  the  -a  is  an  appreoiabla  "daad  air* 
raglon,  aithar  in  a long  bubbla  or  in  the  aapamtad  flow  near  tha  trailing  edge,  there  ntist  ba  a 
vortax  sheet  between  tha  inner  attached  flow  and  the  outar  daad  air  region.  It  is  not  known  exactly 
how  this  vortax  sheet  arises  and  arrangaa  itself  in  the  nsighbourhood  of  tha  wing,  but  ahnva  tha  wing 
and  bahind  tha  wing  tha  vorticity  nust  tend  to  align  itself  in  tha  straan  direction.  This  nust  not 
be  confused  with  tha  part  span  vortax  discussed  above,  (as  often  oeeurs  in  tha  literature).  This 
shad  vorticity  has  an  inportant  influence  on  the  flow,  since  it  stabilises  the  stall  pattern.  In 
tha  unatallad  inboard  ragion  downwaah  valoeitiea  are  induead,  reducing  the  effective  angle  of  incid- 
ence. Conversely,  tha  affaetlva  in'idanea  is  increased  outboard  giving  ineidanees  wall  above  tha 
sectional  stalling  angle. 

2.3  Mach  Husbar  Effects  - Wjng  now 

Aa  ispliad  in  our  previous  discussions  (2.1)  the  davelopMnt  of  the  shock  tsiva  pattern  for  increas- 
ing free  stream  Kaoh  number  is  a complex  procedure. 

For  tha  biass  of  wing  of  intaraat,  the  effect  of  high  local  Cj,'s  and  tha  bias  in  tha  praasura 
gradients  in  tha  tip  raglon  is  to  causa  a saiall  shock  nomal  to  the  free  stream.  Although  this  shock 
moves  slightly  rearward  and  inboard  with  increasing  Mach  number,  tha  situation  soon  becosas  doeiinatad 
by  tha  rear  shock  caused  by  tha  coe^assion  waves  arising  at  tha  wing  root.  These  eventually  coalesce 
along  tha  span  to  fom  the  rear  shock.  At  slli^tly  higher  angles  a third  shock  appears,  known  as  tha 
forward  shook,  this  shock  is  akin  to  tha  sectional  shock  which  would  occur  on  tha  infinite  sheared 
wing.  Theaa  two  shocks  combi'.a  to  fom  the  three  shock  system  as  shown  (Figuta  ?)•  At  higher  ineidanea 
the  outar  shock  sovas  forward  aa  for  tha  2-D  case.  As  ean  be  imagined  the  intamotion  of  this  shock 
system  with  tha  separated  flow  phenomena,  described  above  for  low  speeds,  is  eoaiplax. 

The  most  common  situation  is  a mixture  of  part  span  vortax  sapamtion  and  the  three  shock  system. 

It  may  ba  axpactad  that  tha  part  span  vortex  ean  only  exist  inboard  of  tha  forward  shook,  since  tha 
mere  axistanea  of  a forward  shock  implies  that  ahead  of  it  the  leading  edge  sapamtion  has  baan  supp- 
rassad  by  the  expanding  supersonic  flow. 

Sapamtion  ean  and  uauc'ly  does  occur  bahind  this  forward  shook. 

Howavsr,  the  forms  of  separation  are  as  varied  as  those  mat  in  two  dimensions  (Figure  4 - 
Rafaranea  2). 

These  vary  fromt 

(i)  Paareay  Clasa  A where  a small  bubble,  (separation  ond  re-attachment  a short  way  down 

straan),  at  tha  foot  of  tha  shock  developing  mther  like  a long  bubbla  until  sapamtion 
npraads  right  troa  tbs  foot  of  the  shock  into  the  wake. 

to 

(il)  Pearcey  Class  B where  the  "short"  bubble  at  the  foot  of  the  shock  does  not  develop  but 
tmlling  edge  sepamtion  does.  The  ultimate  flow  picture  is  the  same  but  the  inter- 
mediate stages  are  significantly  different  and  could  cause  a slgnifloant  difference  in 
the  buffeting  and  rigid  body  response. 

It  la  easy  to  imagine  that  thara  ean  be  a complex  picture  of  part  span  vortices,  shed  vorticity, 
shocks,  tmlling  edge  separation,  long  bubbles  and  short  bubbles. 

An  excellent  introduction  to  the  general  subject  of  flow  development  on  swept  wings  ean  be  found 
In  Reference  3.  I^ore  particular  discussions  are  available  in  References  ‘i,  3 and  6. 

2.4  Basic  Interference  Effecto 


The  incidence  affect  on  the  basic  derivatives  and  on  fin  effeotiveneis  have  been  discussed  else- 
where in  detail.  For  example,  Referenoa  7.  Some  of  these  effects  are  illustrated  in  Reference  6. 
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Th«  reduction  of  fin  tffeotivenea*  is  in  itoclf  an  Intereatine  (and  vital)  problan*  If  the  rtd- 
uction  with  incidancn  ia  rreatar  than  expactad^  or  if  diffarancaa  axiat  batwtan  varioua  t>mnal  taatBi 
diagnoflla  can  be  a time  eonsuminr  taak*  The  eausaa  are  many*  but  can  be  nubdividad  into  dead  air  and 
vortax*typ<»  interfarencee* 

The  d^nd  nir  type  can  be  caused  by  fuaelaf^e  and/or  canopy  separation  ef facta  redueinf^  the  effective 
dynamic  head  (}pV*)  in  the  vicinity  of  the  fin*  particulfirly  near  the  root* 

Vortex  interference  can  be  caused  by  the  reduction  of  the  effective  locol  side  slip  in  the  vicinity 
of  the  fin  \>y  the  action  of  a vortex  oyatrr  generated  from  the  fuselare*  intakes  or  win^a*  An  excellent 
introduction  to  this  subject  can  be  found  in  Heference 

Caclllatcrv  rreaaures  (General  Raekrround) 


Obviously*  we  are  veil  outside  anythinr  thnt  ran  be  treated  in  r theoretical  manner*  (at  least 
this  side  of  19^07),  althouf'h  our  underatandin.*  of  <>och  phenomenon  on  its  own  in  well  controlled  cond- 
itiona  io  currently  very  much  on  the  increase*  An  excellent  review  of  th-  situation  can  ho  found  in 
I^eference  9*  1 will  uae  this  assessment  as  a Iwinis  for  our  diccussions  on  the  nature  of  the  oscillotory 
forcinr  phenomena  which  could  bo  the  root  cauce  behind  buffetin''*  and  the  class  of  poeudo  ripid  moder 
such  as  winf*  rockinp  and  bucklnr  thnt  we  nre  interested  in* 

One  important  cause  of  the  oncillntory  pressures  in  found  in  bubbles*  Klipht  test  on  the  Venom 
with  a sharp  Icndinr  edf*e  and  the  canard  con'rol  of  the  /IU70  snowed  buffet  onset  corresponled  with 
the  formation  of  a lonr  bubble*  The  buffetinr  then  increased  steadily  no  the  bubble  extended  down- 
stream* until  the  re-ntiachmont  point  approached  the  irnilinr  edro  ami  the  tmilinr  edp;e  prencurc 
diverred.  This  point  corresfonded  with  heavy  buffet.  I'owever,  we  are  noro  intoresteJ  in  eatablichinp 
buffet  choracteristics  before  heavy  buffet  is  reached  and  hence  it  is  worth  con.  Iderinp  what  data  there 
is  for  flow  asaooluted  with  separation  bubbles* 

tiabey  has  collected  data  from  a number  of  sources  coverinr^ 

Leadinr  edfe  Lubbles 
Bubbles  downstream  of  spoiler 
Bubbles  downstream  of  steps 
I-'ubbles  upstream  of  steps 

tubblec  downstream  of  rudden  expansion  in  pipes 
Bubbles  within  oluillow  eavitiea 

Tliin  data  correlates  v^ry  well  and  implies  the  rrncrnl  conclusions  drawn  will  have  application  to 
n wide  class  of  flowa  O'i^'ure  3)«  ^ta  studied  at  various  Mach  numbers*  (flow  down  a step  nrtd  also  on 
an  aerofoil),  t*^nd  to  support  this  conclusion  except  that  the  unst?adirf 00  appears  to  decrease  at  super- 
sonic speedfl* 

The  data  shows  r*r,c,  values  of  ACp  reochicr  nt>  i^uch  an  10  /athourh  to  appears  more  comnon. 
hlfi  peak,  as  can  be  seen,  occurs  near  or  just  in  front  of  about  0*h  x/1*  the  reduced  frequrncy  beinp 
•ased  on  freo-stream  velocity  and  bubble  lenrth*  Little  data  ext*»nds  below  f Vv  of  0,1, 

*-'*^  (scillatorv  Pressuros  (V.'in^  Flow) 

.'•one  line  arc*  Mens  and  M’lndell  undertook  some  limited  teals  the  h*  x 6*  transonic  tunnel 

on  an  early  variable  sweep  project*  Limited  reiuil’s  fror  ihese  l«'Sts  are  presented  in  .’Refer- 

ence 9* 

he  type  of  flow  involved  i.i  uhowr  In  Kirure  6 at  "roderate  buffet"  conditions  (Mnch  number  was 
0,-"0),  Ihe  r*r*L*  virintion  of  oscillatory  pressure  coefficient  with  incidence  is  shown  in  lifure  7* 

The  outboard  shock  continuer,  to  move  bnci.  until  about  5®,  pnure,  then  it  moves  forward*  Whilst  the 

shock  is  rovinr  bock,  wo  can  nurrire  t1u*l  the  slow  steady  increa.se  in  preesure  fluctuations  are  the 

combined  effect  of  shock  one  illation  and  th'  attached  lK>undary  layer  frowii  p under  an  increasinply 
Adverse  pressure  rradient*  As  the  r.hock  pnacer.  the  point  in  question  the  fluctuations  increase  rapidly 
presumably  due  to  th-  shock  wave  oscillation  and  hence  of  a locol  nature*  .'Ihortly  after  this  point* 
the  boundary  layer  r.eparnteo  under  the  nljock,  vhicl.  starts  to  move  forward*  At  this  stape*  buffeting 
if  detected  by  the  wirip-root-strnln  rawr*‘n.  .'he  "local"  fluctiuitionr  reduce  and  level  off  at  a rourhly 
constant  value*  .'nnt  varintiens  there  are  will  be  due  to  the  incrensinf  strenrth  of  the  fluctuations 
in  the  lenrtheninp  b»ibble  nnil  the  relative  j*orl»ion  ef  the  point  to  the  bubtile*  What  is  sipnifiennt 
is  the  fact  that  thin  fluctu-.tinn  ic  prol«M.y  spread  over  a larne  part  of  the  winp  ir  and  behind  the 
lonp  bubble,  ./jually  sipnificant  is  Uie  rather  flrt  frequency  spectrum  (ri-ure  b)  whic'  epreooL.  rirht 
across  the  wlnr  p^nel  mode/;,  (4o  to  V.z  oircraft  scale),  throurh  the  win--  structure  r.cien,  to 
10  Hz),  and  possibly  /lown  to  the  ri 'id  body  rodor  ot  le;  s than  1 Hz*  ‘ bviouslv,  we  nre  denlinr  -ith  a 
lour  bubble  p’enor.er-on  wl.i  re  .^ejnration  i;  cnu.':ecj  by  th*  outboard  shock*  •»  short  bubble  would  e.-cite 
frequen'’iec  too  :.i-*h  to  be  relevant  f-yroi*.  Ur  p-inel  flutter, 

hr*  l{*  t^ohii  in  th»-  next  lecture  vill  .aIj  o pr« . ent  tunnel  data  on  a dosirn  of  rath'-r  more  current 

intere.st.  The  roA'-.Mred  pov/<-r  rper'r  " ;.hovf.-  n flat  c-*ntrnl  down  to  to  h !iz  (mode]),  A peak  is 
evident  at  very  hiph  frequency,  *ahoul  1,'’  scaled)*  which  ir.  prntobly  naaociated  with  0 short  bubble 
at  t he  foot  of  th'*  : hock  pnssin--  acro/.r  »h't  pr*’.  fiure  joint, 

Hnw*-ver,  probabJy  the  ro.Tt  intere/'.t.inr  exporirw-ntal  data  published  is  thnt  by  Lenity  arid  Mullar.o 
on  the  Ihnntom,  Thi*:  include-.;  data  fro^  loth  tnnnel  and  flipht  (referencf  10), 

To  quote  t!;- ir  concludin*  re-erlca: 
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"Mud»l  data  obtalnad  rrom  wind  tunnal  taata  of  a 10^  aealt  YF-bC  alrplana  hava  baaa  analjatd  and 
oonparad  with  full  acale  rtaulta<  Uandoti  atgnal  analyaia  waa  parfonaad  on  fluotuatlnc  prtaaura  trana- 
duoer  outputa  which  wart  than  atudiad  for  apatlal  and  apaetral  affaeta,  and  for  Kaoh  nuaibar  and  aagla 
of  attaek  variation. 

Validation  of  wind  tunnal  pranaura  naaaurananta  mda  on  tha  modal  waa  aecoaipliahtd  by  ooaparlaon 
with  flight  data.  Although  limiiad  by  the  nmall  number  of  flight  tranaduoara,  thaaa  ooapariaona 
ahowad  good  agreanant  in  the  apaetral  ahapaa.  In  gtnaxal,  tha  model  r.n.a.  lavala  ware  aoaawhat 
higher.  Airoraft  raaponaa  pradlotiona  are  tharafora  axpaetad  to  be  aoawwhat  oonaarvatlva. 

Savaral  pertinent  oonolualona  drawn  from  tha  teat  data  inoluda  tha  followingi 

* At  high  anglaa-of-attaok  tha  flow  pattern  over  a highly  awept  wing  with  a leading  edge 
anag  la  quite  eoeiplax.  Tha  flow  olooe  to  tna  upper  aurfaea  ia  atrongly  affected  by  a 
vortex  oyatan  oonaiatlng  of  leading  edge,  tip,  and  anag  vortioaa  eauaing  abrupt  ohangaa 
in  flow  direction  over  tha  aurfaoe.  Ilia  raglona  of  high  fluctuating  praaauraa  aaan  to 
be  aaaoeiatad  with  thaaa  vortieaa,  partioularly  the  anag  and  tip  vortioaa. 

* No  diaearnlbla  aingla  "eonvactlon''  aaohaniam  for  tha  tranaport  of  tha  fluctuating  praaauraa 
waa  evident  such  aa  tha  downatraam  convection  reported  in  atudiaa  of  alandar  apaeacraft 
launch  vahlelaa.  Diaturbancea  aaamad  to  amanata  from  multiple  aouroaa  aianltanaoualy  and 
propagated  in  a eoeiplax  nannar. 

* Correlation  ia  aiiall  batwaan  pointa  on  tha  wing  that  are  eeparatad  by  more  thLn  about 
ona-fourth  of  tha  naan  aerodynaaic  ehord. 

* Tha  fluctuating  preaaurc  apeetruma  frequently  exhibited  peaka  at  fraquaneiaa  believed  to 
be  aaaoeiatad  with  vortieaa.  Tha  frequency  aaaoeiatad  with  the  anag  vortex  waa  ganarally 
about  half  that  of  tha  leading  edge  and  tip  vortieea.  Thaaa  fraquaneiaa,  aealad  to  tha 
flight  vehicle,  were  at  the  higher  and  of  tha  vehiela'a  primary  atructural  raaonnneaa. 

* I'laxinun  buffet  intenaltiaa  occurred  at  tha  high  aubaonle  Hath  nuobara  dininlahlng 
abruptly  to  amall  valuaa  at  sonic  and  auparaonie  apaada. 

* Naximuffl  r.m.a.  wing  root  banding  momenta  eauaed  by  buffet  ware  of  the  order  of  ?!•’  of  tha 
eorraapondlng  ataady  banding  momenta. 

* Knximuffl  fluctuating  praaaure  eoaffieianta  ware  generally  of  tha  order  of  ■ 0.2. 

The  naasuramanta  from  thia  nodal  ware  used  to  aatabliah  a buffet  apaetral  raaponaa  method  for 
computing  wing  vibratlonat  anoouraging  agreanant  with  flight  neaauramant  waa  obtained." 

Having  set  the  scene,  I will  leave  tha  subject  of  buffeting  to  Dr.  John. 

2.7  OaciiiatojT  bffacta  - Conclusion 

However,  all  tha  buffet  and  general  oaeillatory  praasura  data  have  a significant  frequency  content 
below  the  airframe  mode  resonant  frequencies  and  poaaibly  with  sufficient  energy  to  causa  soma  response 
through  the  rigid  airframe  modes.  We  will  return  to  this  point  later. 


3.  THi:.  FLIGHT  DYNAMIC  IFJLICATIOHS 


3.1  0ane^d_D^ssu2S^og 

Current  aircraft  requirements  in  tha  eombat/strike  field  lay  great  emphasis  on  tha  manoeuvrability 
of  the  aircraft,  particularly  at  high  subsonic  speeds.  Real  and  aimulated  combat  axparisnea  has  shown 
that  tha  critical  spaed  range  is  round  about  0.8/0.9  Hath  number,  where  it  can  be  shown  that  rata  of 
turn  at  a given  altitude  ia  at  a maximum  for  most  aircraft.  Unfortunately,  as  we  hava  discussed,  this 
region  is  also  one  of  the  moat  complicated  from  a fluid  dynamics  mint  of  view.  As  recently  as  early 
1971,  the  then  head  of  the  K.A.U.  Uynamios  Division  (L.J.  Beecham)  listed  this  subject  as  a number  one 
priority.  It  has  subsequently  featured  high  in  R.A.E.  activities  and  Ninistry-sponsored  research.  To 
paraphrase  his  comments t 

In  general  terms  the  problem  is  concerned  with  dynamic  behaviour  of  the  flexible  aircraft 
under  conditions  of  flight  aasociated  with  high  angles  of  ineidenoe  and  can  manifest  tham- 
selvss  in  many  forms  separately  or  in  combination.  In  one  form  or  another,  such  problems 
have  bedevilled  airoraft  design  over  many  years.  In  spite  of  this,  there  has  been  little 
development  in  our  fundamental  understanding  of  the  underlaying  causes  and  none  in  the 
ability  to  relate  causa  and  effect  in  a quantitative  manner.  Almost  without  exception 
solutions  have  been  reached  in  an  empirical  way  through  Wind  Tunnel  studies  guided  by  an 
often  all  too  inadequate  qualitative  understanding. 

Those  in  industry  involved  in  the  problem  would  agree  with  almost  all  of  Beeoham's  comments,  but  view 
with  doubt  the  chances  of  using  tunnel  rather  than  flight  experiments  in  reaching  a "final  solution". 

A considerable  amount  of  effort  has  been  spent  in  diagnosing  both  flight  dynamic  and  fluid  mechanic 
aspects  and  although  work  remains  to  be  done,  the  problems  are  less  of  a mystery. 
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Th«  lift  limit*  will  obviously  vary  from  on*  typ*  of  aircraft  to  another  and  will  also  vary  from 
on*  typ*  of  task  to  anoth*r<  It  appears  frequently  to  vary  from  pilot  to  pilot.  With  regards  this 
last  point  - if  pilot  A claims,  (and  the  flight  records  substantiate),  hlghei  Ci's  than  pilot  B,  this 
can  be  due  to  skill  | familiarity)  or  a different  interpretation  of  the  task  in  hand.  Ibot  is  required 
in  sorting  out  differences. 

To  illustrate  the  problem  of  pilot  opinion  consider  two  types  of  manoeuvre. 

Collision  Avoidance  (rigure  9a) 

The  pilot  will  only  have  on*  thing  on  his  mind.  Ilio  total  attention  will  be  on  pulling  the  max- 
imum 'g'  available.  The  aircraft  and  flight  path  must  obviously  be  un'ler  the  pilot's  control,  but 
nobody  will  expect  the  aircraft  to  be  easy  to  fly.  The  aircraft  may  well  be  shaking,  bucking,  and 
rocking,  but  as  long  as  the  pilot  can  "stay  with  it"  ho  will  be  "happy"  at  least  after  the  event  - 
even  if  the  aircraft  suffers  eome  structural  damage  and  the  aircrew  all  need  a good  stiff  drinki 

No£jjjl_Jlj£0£uv£ing_^li£ht_^F^£U2e_2^ 

The  pilot  will  find  a somewhat  lower  lift  limit  than  the  above  for  normal  flying  maximum  usable 
l.ft  limit.  Handling  can  be  )>oor  and  the  aircraft  could  be  wing  rocking  and  buffeting.  However, 
under  normal  - no  panic  - flying,  this  is  a limit  that  the  pilot  would  pull  to  without  hesitation. 

The  pilot  will  us*  it  for  aerobatiea,  rapid  changes  in  flight  direction,  and  so  on. 

ether  more  demanding  limits  can  and  do  exist,  involving  combat  missions  including  r,  Weapons 

firing  or  gun  firing. 

3.3  Notes  on  Theoretical  Models  of  Vehicle  Dynamics 

In  any  attempt  to  establish  the  causes  of  complex  vehicle  dynamic  behaviour  such  as  wing  rock  it 
is  necessary  to  assess  the  various  possible  theorttical  models.  J.U.  Jones  has  discussed  these  in 
some  detail  in  the  previous  paper  of  this  lecture  series.  However,  the  main  points  relevan*  to  this 
current  exercise  are  summarised  as  follows:- 

nie  phenomena  discussed  in  this  paper  and  in  particular  "wing  rock"  involve  a possible  closed- 
loop  irteraction  between  the  unsteady  fluid  motion  Involving  separated  flow  and  the  motion  of  the  air- 
craft. If  w*  ignore  buffet  then  the  conventional  psuedo-rigid  airframe  assumptions  can  be  made.  The 
various  models  can  be  illustrated  using  a single  degree  of  freedom  equation,  thus: 

K t ♦ 2 M 'z  *y.  u*  i = f(t)  (1) 

o o 

(a)  Autonomoua  Oacillatlona 

Conaider  th«  caa«  when  there  ia  no  "external**  forcinp;  function^  i»e»  f(t)  s 0 end  whf>re 
( < 1,  l*e«  the  ayatem  dynamics  are  oacillatory* 

The  alnple  case  ia  when  the  damping  dcrieativ«»,  (coefficient  of  Ur  term  s),  and  stiffness 
derivative,  (coefficient  of  ’he  z term),  are  constant*  This  is  the  description  of  the  so-called 
"linear  ayatem"  which  ia  unstable  (divergent)  if  f < 0* 

However,  in  the  general  case,  theee  derivatives  will  not  be  linear*  The  non-linearity  can 
take  many  forms,  including  hysteresis  effects  and  low  amplitude  unstobilitics.  These  non- 
linearities  can,  and  often  do,  lead  to  limit  cycle  phenomena* 

(b)  Force  Oscillatlcns 

Reintroducing  the  tern  f(t)*  This  can  take  many  forms,  from  the  aimple  single  frequency 
sinusoidal  oscillation,  through  more  complex  oscillatory  shapea  and  step  functions,  to  complex 
inputs  with  a wide  range  of  frequencies* 

The  situation  can  become  very  complex  and  difficult  to  assess  if  the  forcing  function,  f(t), 
itself  is  affected  by  the  vehicle  response  tJi)  to  any  great  extent* 

3*^  Lorn  vUdinal  Handling  Characteristics 

Longitudinal  stability  and  control  problems  hnve  been  with  the  aircraft  designers  for  a long  time* 

These  days  they  are  either  designed  out  in  the  initial  ntagea  or  special  care  is  needed  in  designing 
control  systems,  autostab  ayatems  and  stall  warning  devices  to  allow  the  deaign  to  be  optimised  using 
a configuration  which  inherits  this  type  of  problem* 

(a)  Pitch  Up 

This  is  an  almost  claasieal  problem*  It  in  due  to  the  development  of  outboard  separations 
discussed  previously*  If  large  sweep  and  aspect  ratios  are  used  in  combination  the  aeparationa 
cause  a marked  forward  shift  In  lift,  a positive  noae  up  pitching  moment  and  hence  a sudden  in- 
crease in  incidence* 

(b)  Wing  Wake  to  Tailnlane  Interference 

Wing  to  tailplane  interference  effects  can  cause  both  stability  and  control  problems*  In 
particular,  this  can  happen  if  the  tailplane  is  mounted  relative  to  the  wing  so  that  the  wing 
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wake  hltn  the  tallplnne  In  a particular  incidence  ranre«  If  the  thick  wine  wake,  (or  winr  bod; 
.{unction  wake),  which  occura  after  aeparation  of  the  wine  boundary  layer  hita  the  tailplane  the 
problemn  can  be  very  aevure, 

(c>  Hjieking_ajii_T;u£k 

Kuckine  in  officially  deacribed  in  the  rather  terae  expreaaion  "uncomanded  pitch  oscill> 
ationa". 

Tuck,  on  the  other  hand,  in  nlmout  a mirror  Imaec  of  pitch-up.  It  ia  the  uncomnanded  and 
audden  docrenee  of  incidence  whllat  flyinf  at  low  or  negative  lift  at  high  aubaonlc  apeada, 
rhle  ia  very  dangeroua  phenomena  to  occur  on  ground  attack  aircraft  for  obvious  reasona,  and 
ffluot  be  designed  out,  even  if  this  conpromises  the  cruise  efficiency  of  the  aircraft.  It  can 
be  caused  by  using  too  much  wing  twist  (wash  out)  so  that  the  wing  tips  have  negative  lift  on 
them.  It  is  not  surprising  that  the  high  speed  (shock)  stall  charaoteriatics  of  an  aerofoil 
with  canber  ure  not  very  good  when  "upalde-down*', 

t,5  Iateral_3tnbi^it^_CJgraetcj;iu^ca 

Three  different  phenomena  are  often  mentioned  by  pilots  when  they  are  diocussing  the  lateral  hand- 
ling characteristics  as  they  affect  usable  lift  limits.  These  arel 


(a) 

Nofi« 

aUcet 

An  uncommanded  roll  yaw  motion,  viewed  by  the  pilot  primarily  aa  a 
divergence  in  yaw,  fVequently,  the  expreaaion  "yaw  off"  la  used. 

(b) 

an  uncommanded  roll  yaw  motion  viawed  by  the  pilot  primarily  aa  roll 
oscillntion  but  with  eignifieantly  differant  charaeteriatlca  to  a 
normal  dutch  roll. 

(c) 

ftinr 

An  uncommandad  roll  yaw  motion,  viewed  by  the  pilot  primarily  as  a 

or  Pj 

[ipi 

divergence  in  roll. 

"^e  main  common  factor  of  these  phenomena,  (and  indeed  of  the  equivalent  longitudinal  phenomena 
already  discussed),  in  tha*  they  are  rigid  body  modea.  That  is,  the  motion  in  question  is  a motion  of 
the  whole  aircraft.  Obviously,  neroelastic  effects  clinnge  the  preseures  round  the  aircraft,  but  in 
tne  main  these  effects  can  be  allowed  for  by  modifying  the  aerodynamic  derivatives  etc.  Thus  as  with 
most  -I  b J work  we  are  discu.ssing  a situation  described  aptly  as  psuedo-rigid. 

The  causes  of  all  theae  phenomena  vary  according  to  the  aircraft  configuration  and  ore  dependent 
on  the  effects  of  flow  oeparation  on  the  wing  nnd  the  steady  deterioration  of  the  lateral  stability 
chnrse* orirtiCB  with  incidence, 

A word  of  warning  • pilots  assess  the  phenomena  after  retrospective  thought  based  on  the  motion 
of  the  aircraft.  It  is  not  uncommon  to  find  similar  pilot  comments  applying  to  different  phenomena  - 
due  to  the  very  wide  clans  of  motions  which  can  be  included  within  the  definitions.  It  is  also  not 
uncommon  to  find  different  pilot  orinlons  about  the  same  phenomena. 

Let  us  now  isolate  por.uible  causes  of  these  phenomena, 

■',5,  t ■h£tab>_^ArtchH^^ 


As  discussed  previously,  at  high  incidences  combat  aircraft  are  affected  by  a marked  change 
in  the  doniruint  lateral  derivatives.  The  increasing  amounts  of  wing  oeparation  can  cauae  a marhed 
deterioration  Ir.  the  wlni:  rolling  derivatives,  in  addition  to  the  ateady  reduction  in  weathcr-eoek 
■etalility  ( fin  effeetivenesa).  Obviously,  no  two  t.vpcs  of  atreraft  beliave  in  the  aame  manner  - 
oee  for  example  o comporison  between  the  L'TV  A-7  nnd  tlie  );cO-I>  F-^  (Kef,  11), 


It  is  probable  that  non-llntar  aarodynamic  ehoraeterlatlcs,  l,e,  hysteresis  and  "daad 
spots",  ploy  an  important  part  in  determining  the  exact  nature  of  the  phenomena.  However,  work 
In  the  ' .d.A.  nnd  the  U.K,  indicate  that  very  full  and  satisfactory  explanations  of  a number  of 
phenomena  con  be  found  witl;ln  the  frame-work  of  linear  aerodynairica , 

Vhe  approximate  formuloe  for  the  dutch  roll  frequency,  (using  the  notation  common  in  the 

t,i-a),  iSl 
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whilst  the  damping  is  given  by) 


Cd 
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at  least  for  high  incidences. 
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The 

frtqumeyi 


•xiating  oorralationa  |ubllahad(9,  6 and  1D  auggaat  that  tha  erttleal  paraaatar  In  tha 
!>#•  djmaate  l^J  or  atiffnaaa  darivatiraa 


Howtvtr,  at  laaat  two  oontaat  aircraft  do  not  auffar  froa  a eollapaa  of  tha  atiffnaaa 
darlvatlaa  but  atill  haaa  what  tha  pilota  daaeriba  aa  “wing  rook".  Ona  axaapla  haa  baan,  or 
will  bn  uaad  bjr  both  ay  oo-laoturara  - Figora  10.  Tha  aaeond  ia  abown  in  Figura  11.  both  ara 
"typical"  eaaaa  of  wind  up  tuma  that  aight  occur  with  autoatabiliaara  awitehad  off. 

Fl(*ura  12  ahowa  tha  variation  of  tha  doainant  atability  darivativaa  for  a typical  ooabat 
atrika  aircraft,  whilat  Figura  1}  ahowa  tha  aajor  paramatara  daacribing  tha  dutch  roll  for  tha 
aircraft  in  quaation  without  autoatabiliaara.  flia  doainant  faetora  ara  tha  damping,  tha  ratio 
of  roll  to  yaw  and  tha  phaea  angle  batwaan  roll  and  yaw. 

Katurning  to  Figura  11,  which  ahowa  a typical  flight  trace  of  a "wing  rock"  oacillation 
which  occurred  aa  tha  pilot  waa  undertaking  a "wind  up  turn".  Analyais  of  thia  trace  ahowa  it 
to  ba  a "divergent  dutch  roll"  although  not  aaaily  raeogniaad  aa  auoh.  Figura  13  ahowa  tha 
coapariaon  of  tha  in-flight  faetora  with  tha  predicted  valuaa.  (In  addition  tha  faetora  naaaurad 
from  a conventional  dutch  roll  - dalibarataly  induced,  ara  ahown).  For  tha  caaa  in  quaation,  the 
pilot  clearly  identified  thia  phanoaana  aa  an  abaoluta  lift  limit  and  nobody  would  argua  with  him, 
however,  tha  pilot  daaeription  ia  often  iffactad  by  pilot  familiariaatlon.  Wa  have  had  a apaeifie 
caaa  where  tha  pilot  identified  tha  divarganea  and  initiated  raervary  at  tha  aama  flight  condition, 
with  daaeriptiona  which  ware,  on  face  value,  contradictory.  However,  deeper  thought  ahowa  that 
within  the  context  they  wara  raaaonabla  and  halpful  coeimenta.  Ilia  flrat  daaeription  waa  "yaw  ofr'. 
He  initiated  recovery  alnoat  aa  aoon  aa  tha  notion  atartad.  In  hla  next  encounter  with  tha 
phenomena  he  allowed  alightly  over  ona  cycle  of  tha  oacillation  to  occur  before  recovery.  Thia  ha 
diagnoaad  aa  wing  rock.  Due  to  tha  high  roll/yaw  ratio  thia  ia  not  aurpriaing.  Tha  third  tine  ha 
held  it  for  about  a cycle  and  a half  and  daacribed  it  aa  a "divergent  dutch  roll". 

Flight  aimulation  otudiea  ahow  that  thia  type  of  phenomena  involving  a eollapa'  of  tha  dutch 
roll  damping  la  not  aa  aerloua  aa  the  alternative  where  the  atiffneaa  derivative  collapaaa. 

3.5.2  tbttemal  Forcing  Fimetlona 

In  caaea  where  flow  aeparatlon  developa  la  an  aBymmatrie  manner,  rolling  momenta  can  ba 
induced  in  a aymmetrie  (zero  aidaalip)  aituation.  Bora  (Reference  A)  haa  deacribed  how  thia 
phenomena  affected  the  Keatral  and  the  good  correlation  between  flight  behaviour  and  wind  tunnel 
rolling  moment  meaauremanta  - to  paraphraae  - if  the  on-line  pen  recordera  oaclllated  eontinuoualy 
at  a conatant  incidence,  then  the  aircraft  experienced  wing  rock  - whereaa  a ataady  axcuraion  of 
rolling  moment  eorreaponded  with  "wing  low"  ia  flight. 

Recent  Inveatlgationa  on  thia  wing  rock  phenomena  haa  ahown  that  thia  ia  a pauado-rigid 
airframe  reaponae  to  an  external  forcing  function. 

The  external  forcinr  function  in  queation  can  be  found  in  the  low  frequency  content  of  tha 
oacillatory  praaouraa  acting  on  the  wing  unually  aaaoeiated  with  buffeting.  The  low  frequaney 
content  found  for  example  on  the  Phantom  waa  daacribed  in  Raferanca  10  and  diacuaaad  bare  prav- 
ioualy.  The  type  of  email  amplitude  wing  rock  ahown  in  Figura  11,  prior  to  the  large  amplitude 
wing  rock,  con  be  attributed  to  ouch  a reaponae  for  aircraft  with  low  roll  inertia.  Tha  character- 
iatica  are  a rather  random  rolling  oacillation  with  no  dominant  frequency  and  no  recognioable 
eorreeponding  yawing  motion. 

One  example  Ic  ahown  in  Figure  Ik,  where  the  reaponae  to  a random  rolling  moment  input  ia 
shown,  A more  rigoroua  statistical  approach  using  an  input  with  representative  frequency  content 
gives  a rolling  motion  with  a root  mean  square  very  close  to  that  observed  in  flight  with  auto- 
stabs  Inoperative. 

3.6  Lateral  Control  Characterintlca 

The  above  description  has  been  grossly  over  simplified  because  the  subject  of  atability  la  so 
inter-related  with  control  as  to  moke  nensible  analyais  of  each  aaporataly  impossible.  Apparently 
poor  aircraft  stability  can  sometimes  be  caused  by  direct  intervention  by  the  pilot  as  he  attempts  to 
control  the  situation,  'ihls  can  be  if,  for  example,  the  attempted  roll  control  results  in  large  yaw- 
ing moments.  On  the  one  hand  the  yawing  moment  can  give  sideslip  which  produces  a rolling  moment  that 
offsets  the  roll  control  (adverse  yaw)|  and  on  the  other,  sideslip  produces  a rolling  moment  that 
augments  the  roll  control  (proverse).  Hither  con  moke  the  vehicle  difficult  to  control.  Incidence 
effects  can  change  the  basic  characteristics  to  give  either  effect  depending  on  the  type  of  roll 
control. 

Another  control  problem  can  be  caused  by  the  loss  of  effectiveness  of  wing-mounted  roll  control 
devices  - either  spoiler  or  ailerons  at  high  incidences.  If,  aa  discussed  above,  the  roll  damping  also 
reduces  with  incidence,  the  steady  state  roll  rate  does  not  neceasarllj  decrease  and  although  the  hand- 
ling may  be  "scceptabls"  the  pilot  will  not  consider  the  aituation  in  a very  favourable  light.  However, 
if  the  roll  dompinr  does  not  collapse  with  incidence,  the  roll  control  could  be  totally  inadequate. 

tany  detailed  investigations  into  this  complicated  problem  have  bean  undertaken.  For  axampla,  tha 
work  undertaken  by  System  Technology  Inc.  in  the  mld-60's  (Refaranca  12).  A useful  and  more  up-to-date 
reference  is  the  AOARD  Conference  Froceedlngs  - "handling  criteria"  (Reference  13). 

Before  leaving  this  very  brief  mention  of  lataral  control  characteristics,  mention  should  be  made 
of  a problem  often  met  when  tha  roll  control  has  sdvarae  yaw  characteristics,  coupled  with  low  lateral 
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■Ubllity  (ny)  and  atlll  ntfiatlv*  roll  duo  to  aldoalip  (ly).  A rathor  aiaplor  approach  to  that  of 
Roftronct  12  oan  ahou  tho  oharaoterlotloa  of  tho  probloai 

Conaldor  tho  eaao  whcro  tho  pilot  is  atablllulnc  bank  anrlo  by  uat  of  roll  control,  (roll  rata 
itro),  and  aasuno  no  ruddtr  input,  tndor  thoao  eirouaistances  tho  lateral  oquationa  of  notion  oan  bo 
roarrangod  (by  olininating  {)  and  an  oquivalont  lateral  atiffnoca  dorivatioo  onorgos,  (analogoua  to 

dynanio  Ay),  thua  (ny  - ly  "j/lJ,  uith  provorao  ynu.  This  aocond  torn  augnoato  tho  lateral  atability, 
but  with  adverae  yaw  the  tern  if  de-atabilising  and  obvioualy  can  dominate  if  ny  ia  nunerioally  aaiall. 
Under  these  oireunatanees  a divergence  can  occur  which  ia  pilot  induced  but  nay  not  be  recognised  as 
such.  Pilot  description  oan  be  "nild  yaw  ott"  (or  nose  slice?  in  the  States), 


4,  po:;r.iBu:  impbovcMijits 

4.1  F^ji^d_Heslja0^ 

Hanipulation  of  the  confifoiratiun  to  arrange  for  acceptable  variations  of  the  basic  sideslip 
derivatives  has  been  a way  of  life  for  a number  of  years  - ever  since  the  first  nodal  gliders.  As  the 
flight  envelope,  (in  terns  of  Ksch  number  and  incidence),  has  increased,  so  have  the  tricks  to  keep 
acceptable  derivatives.  These  include  an>i<>ilr'il  or  dihedral  on  wing  or  tailplane  and  also  ventral  or 
twin  dorsal  fins. 

Manipulation  of  the  configuration  to  delay  the  collapse  of  the  roll  damping  ia  nuch  nore  difficult. 
It  ia  the  natural  tendency  for  wings  of  the  type  of  interest  to  "stall"  first  at  the  tips  and  it  is  this 
developoent  of  oeparation  which  must  be  controlled. 

This  can  be  done  by  sophiaitcated  section  design  coupled  with  wing  twist  and  assisted  by  the  usual 
arrays  of  fences,  vortex  generators,  notches  and  sawteeth.  One  very  expedient  method  has  been  to  use 
the  low  speed  high  lift  leading  edge  devices  such  as  slats  at  an  intermediate  position, 

4.2  Control_^2stem 

However,  it  is  often  more  pragmatic  to  depend  on  automatic  control  systems  which,  (even  with  low 
authority),  can  be  very  useful  in  improving  the  high  incidence  charaeterlstiea.  The  only  complexity 
required  even  with  simple  scheduled  gain  systems  in  to  allow  adequately  for  the  incidence  effects. 

For  example,  Dutch  Roll  stability  can  be  improved  by  a yaw  damper  at  lou  incidence  but  will  probably 
require  a roll  damper  at  high  incidence, 
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According  to  the  nature  of  buffeting  as  the  wing-flexible  response  to  the  fluid 
motion)  Including  exciting  forces  of  separated  floW)  the  most  favourable  test  technique 
implies  the  use  of  dynamically  scaled  flexible  models.  Neverthelesc,  a number  of 
techniques  are  based  on  the  use  of  semi-rigid  models  and  yield  good  results  in  comparison 
with  flight  testa.  Methods  covered  in  this  critical  review  are;  the  possible  relation  - 
ship  between  buffeting  intensity  and  mean  loads;  the  dynamic  analysis  of  unsteady 
wing  root  bending  momentS)  and  the  use  of  fluctuating  pressure  measurements  to  predict 
the  buffet  penetration  capability  of  aircraft. 

This  report  contains  a survey  of  methods  which  are  In  use  In  European  countries. 
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1 INTRODUCTION 
1 . 1 General 


The  object  of  thle  paper  is  to  preeent  a general  eurrejr  of  methoda  for 
predicting  the  buffet  penetration  capability  of  aircraft  which  are  uaed  at  praaent  In 
the  various  European  countries  with  ssronautloal  interests.  In  the  past  ten  years, 
novel  practical  techniques  have  been  developed  and  enploysd,  and  It  has  become 
necessary  to  make  a critical  review  of  their  respective  capabilities  and  of  the 
specific  conditions  of  their  use. 

The  Increased  attention  that  Is  being  given  to  studies  of  buffet  characteristics 
by  aerodynamic lets  Is  resulting  from  the  present  trend  in  combat  aircraft  development. 
This  trend  Is  currently  demanding  greater  manoeuverablllty  In  the  transonic  flight 
regime.  The  performance  of  a transport  aircraft  and  the  manoeuvre  oapablllty  of  a 
combat  aircraft  can  be  severely  limited  by  flow  seperatlons  on  the  wing,  which  causes 
buffeting  and  which  can  be  acccmpanled  by  a variety  cf  adverse  effects,  such  as,  for 
example,  increase  In  drag,  losses  In  lift  and  stability,  pilot  Impairment,  reduced 
tracking  ability  and  fatigue  problems. 

Figure  1 Illustrates  the  Influence  that  these  limiting  factors  can  have  on  the 
performance  of  a fighter.  This  figure  also  shows  the  sensitivity  of  turn  rates  to 
typical  boundaries  at  subsonic,  transonic  and  supersonic  speeds.  The  shaded  area 
represents  the  region  where  the  manoeuvre  performance  is  reduced  ae  a result  of 
buffeting.  Figure  1 also  includes  an  agility  plot  which  shows  specific  excess  power 
(SEP)  versus  turn  rate. 

Not  only  the  aerodynamic  performance  in  terms  of  turn  rates  or  g-levels  is 
affected  by  buffeting,  but  also  structural  aspects  need  to  be  considered.  In  view  of 
the  fatigue  life  of  the  structure  for  the  pilot  In  his  cockpit  environment,  for 
weapons  aiming  and  for  systems  like  gyros  etc.,  knowledge  of  amplitude  ratios, 
vibration  levels  and  predominant  frequencies  Is  of  vital  necessity  for  designers,  and 
should  be  the  objective  of  n project  orientated  evaluation  with  high  priority. 

1.2  Definition  of  Buffeting  and  Related  Phenomena. 

As  a consequence  of  the  occurrence  of  regions  of  separated  flow  on  the  wing  at  a 
certain  Incidence,  the  performance  of  an  aircraft  night  be  limited  either  by  vibration 
or  by  degradation  in  handling  characteristics.  To  this  latter  category  belong  phenomena 
ll'i-.e  "pitch  up",  "wing  dropping",  "nose-slice"  and  "wing  rocking".  In  Figure  ? a 
comparison  of  the  predicted  wing-dron  bounda^  with  the  moderate  buffet  boundary  le 
s'nown  for  a swing-wing  fighter  at  25°  and  45”  degrees  of  sweep.  The  estimation  le  done 
on  the  basis  of  coefficients  and  c^j^,  taking  the  point  where  in  the  Incidence 

range  at  small  side  clip  a gles,  these  cuefficiente  change  sign.  As  can  be  expected 
for  A = 25°,  the  three  boundaries  compare  very  well,  due  to  the  2-dimenslonal 
character  of  the  flow.  At  A * 45°  whore  a "mixed  typo  of  flow"  is  encountered,  a more 
gradual  development  of  separation  is  to  be  expected,  and  the  difference  between  the 
quoted  criteria  is  obvious,  leaving  room  for  speculations  up  to  which  boundary  the 
aircraft  can  be  handled. 

The  highly  undesirable  rigid  body  motions  of  aircraft  ot  incidences  above  separa- 
tion onset  are  referred  to  in  tlie  longitudinal  motion  as  "bouncing",  "pitch-up"  and 
"porpoising",  while  for  the  lateral  motion  "wing  rocking",  "wing  dropping"  and  "nose- 
slicing"  phenomena  are  known.  The  phenomena  of  "pitch-up",  "wing-dropping"  and  "nose- 
slicing"  are  relatively  well  understood,  resulting  in  a deficiency  In  longitudinal, 
lateral  or  directional  stability,  possibly  leading  to  loss  of  an  aircraft  In  extreme 
situations.  The  phenomena  of  "bouncing" , "porpoising"  and  "wing  rocking"  are  a 
degradation  In  handling  but  not  necessarily  a limitation  to  sustained  manoeuvres. 

While  "wing  bouncing"  is  typically  associated  with  a rigid  body  heaving  mode  of  the 
aircraft  for  "porpoising"  and  "wing  rocking",  an  appropiate  model  is  not  yet 
established.  It  may  cither  be  an  autonomous  oscillation,  bsiiter  known  as  "limit  cycle", 
In  which  nonlinear  mean  aerodynamic  forces  become  significant,  or  an  aerodynamlcally 
forced  response  to  fluctuating  pressures.  There  also  exists  the  possibility  of  a limit 
cycle  oscillation  In  which  the  periodic  fluctuations  in  the  flow  field  are  coupled 
deterministically  to  the  motion  of  the  wing.  Typically,  the  notion  referred  to  as 
"wing  rooking"  is,  as  shown  In  Figure  3,  primarily  occurring  In  the  roll-rate  trace  at 
frequencies  lower  than  those  associated  with  airframe  flexible  response  In  a 
fluctuating  rigid  body  motion.  Therefore,  those  phenomena  of  the  second  category  belong 
to  the  flight  mechanical  problem  area,  and  do  have  a direct  effect  on  controllability 
and  the  ability  to  hold  an  accurate  flight  path.  Phenomena  of  the  first  category, 
mentioned  above,  and  which  are  associated  with  flexible  nodes  of  the  aircraft  structure 
can  bo  said  to  influence  "ride  quality",  and  are  referred  to  as  "flight  in  turbulence" 
and  "buffeting".  Bhe  difference  between  turbulence  and  buffet  is  given  by  the  basic 
difference  of  the  driving  force,  while  the  structural  behaviour  of  the  elastic  system 
is  the  same.  The  driving  force  of  turbulence  Is  embedded  in  the  on-coming  free  air- 
Btrenm  and  can  be  defined  by  a finite  wave  length  and  spectrum.  Turbulence,  therefore, 
can  be  encountered  at  any  incidence  and  flight  condition. 

Any  elastic  system  fed  with  energy  is  subject  to  instabilities,  and  for  an  c.lr- 
oraft  in  flight,  the  energy  is  provided  by  the  propulsion  system  which  maintains  the 
relative  airflow  around  thf  exposed  components  of  the  aircraft.  The  instability 
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phenonenon  of  tho  itructurt  !■  known  an  "fluttar*.  Ihn  instability  phtnoMnon  of  thn 
rnlatlvt  airflow  In  anioolattd  with  snparatlon  and  produoM  thn  drlrlng  foross  known 
as  buffat,  while  buffeting  la  the  flexlbla  renponaa  to  the  fluid  notion.  Tho  rlbmtlon 
level  or  buffeting  intenalty,  defined  by  local  aooalaratlona  or  dleplaoenents  at 
either  natural  or  forced  frequenolee,  la  thn  result  of  the  perturbation  of  tho  nynton 
and  the  energy  loss  of  the  oaolllatlng  oomponont  due  to  danplng.  If  the  energy  gain  la 
Inrgor  than  the  danplng  foroea,  a rapid  failure  of  the  struoturo  will  ooour«  and  the 
integrity  of  the  structure  will  be  lost. 

An  excellent  survey  of  the  phenonena  dlaousaed  above,  Is  given  by  Jones  (1), 
wherein  theoretical  nodels  and  differential  equations  In  use  are  also  dlsousaed. 

This  present  report  ooncentratee  on  wing  buffeting  at  transonlo  speeds  only. 

1.3  Theoretical  Aspeots 

Of  najor  Importance  In  buffeting  Investigations  are  aerodynanlc  disturbances  that 
produce  driving  forces  for  the  airframe  struotural  response,  oalled  buffeting,  which 
finally  eetabllahea  the  attained  vibration  level.  Theorotloal  struotural  models 
defining  the  dynamlo  properties  of  the  structure  have  been  used  for  years  to  provide 
Informatlonc  .*'n  flutter  speeds  and  gust  analysis.  Starting  from  stiffness  and  mass 
dletrlbutlons,  the  ao-oalled  modal  analyaia  allows  the  oaloulatlon  of  natural 
frequencies,  mode  shapes  and  generalized  masses.  Those  results  can  be  oompared  and 
corrected  using  ground  vibration  tests. 

With  regard  to  buffet  forces,  the  situation  Is  completely  different.  The  presence 
of  any  sizable  separated  flow  region  provides  a strong  and  aufflolsnt  energy  source 
for  airframe  disturbance.  The  flow  field  around  wings  becomes  extremely  complex  In  the 
transonic  flight  regime,  when  complicated  shook  systems  Interact  with  the  viscous  flow 
field.  The  Influence  on  separation  can  be  very  dominant  If  the  shock  strength  Is 
sufficiently  large  to  cause  a bubble-type  separation,  which  is  known  as  shock-induced 
separation.  Regions  of  mixed  vortex  flow  with  embedded  separated  areas  and  unstable 
shock  waves  that  are  present  In  a 3-dlmenslonal  wing  flow  field  at  transonic  speeds, 
form  the  greatest  difficulties  In  describing  and  defining  a precise  flow  model. 
Therefore,  nearly  all  Investigations  Involve  wind  tunnel  tests  to  predict  buffet  forces. 

1.A  Objectives 

Because  of  the  complexity  of  the  buffet  problem,  considerable  emphasis  It  placed 
on  test  techniques  to  obtain  various  types  of  wind  tunnel  data.  The  target  is  to 
provide  buffeting  boundaries  for  deslgnero  to  establish  the  performance  of  the  aircraft 
and  to  produce  Information  about  buffeting  loads  for  stressing  purposes. 

Typical  results  of  buffeting  boundaries  for  a fighter  and  a transport  airciaft  are 
shown  In  Figure  4.  For  the  fighter,  boundaries  are  defined  by  buffet  onset,  which 
corresponds  to  the  first  Indication  of  boundary  layer  separation.  Light  buffeting  or 
pilot's  onset  Is  defined  by  the  first  appearance  of  a sizable  vibration.  Moderate 
buffeting  can  be  said  to  represent  a boundary  for  a stable  weapon  platform  or  a limit 
for  pilot's  Impairment.  Above  a boundary,  defined  by  heavy  buffeting,  the  Integrity 
of  the  aircraft  structure  Is  questionable.  For  a fighter  aircraft,  the  margin  to 
moderate  buffeting  represents  the  manoeuvrability  In  terms  of  a ”n.g"  Instantaneous 
pull  up  or  in  turn  rates  (see  Figure  1). 

With  regard  to  a transport  aircraft,  a 1.3  g separation  from  buffet  onset  to 
cover  light  manoeuvres  defines  the  cruise  altitude  and  thus  Influences  the  performance 
of  the  aircraft  considerably.  During  a normal  cruise,  the  aircraft  may  encounter  a 
strong  gust  which  carries  the  aircraft  beyond  the  buffet  threshold.  Therefore,  a 1,6  g 
separation  from  maximum  penetration,  or  a definite  gust  velocity  — for  example  a 
normal  velocity  of  12.5  a/e  and  a corresponding  wave  length  of  33  m — must  be  applied 
to  provide  a safety  margin  for  the  aircraft  structure. 

This  Information  can  be  provided  from  wind  tunnel  tests  using  normal  seml-rlgld 
models.  The  application,  however,  of  the  wind  tunnel  data  to  establish  local  buffet 
loads,  vibration  levels  at  any  station  of  the  aircraft,  predominant  frequencies  and 
amplitude  ratios  for  the  full  scale  aircraft,  reoulres  some  means  of  accounting  for 
the  effects  of  flight  Reynolds  number  and  aircraft  structural  response,  effects  which 
can  only  be  simulated  adequately  during  a wind  tunnel  test  by  use  of  d^amlcally 
scaled  full  aeroelastlc  models  In  high  density  tunnels.  In  this  case,  it  would  be 
necessary  only  to  record  vibration  levels  via  accelerometers  at  points  of  Interest, 
and  extrapolate  the  results  for  the  full  scale  aircraft  using  similarity  rules.  Such 
tests  have  been  performed  in  the  USA  by  F.W.  Hanson  (2),  Langley  Research  Center, 
on  a F-111  type  model.  Although  the  tests  mentioned  are  done  In  the  USA,  one  main 
point  Is  taken  from  this  report,  and  that  is  the  extrapolation  formula,  as  shown  In 
Figure  5.  As  mentioned  In  the  report  by  Kansou  (2),  parameters  k_  , d_  and 
r 1 r "r 

rL  n ^^n^  Jr  should  be  unity.  Small  differences  In  structural  or  aerodynamic  damping 

can  produce  differences  In  the  oompeurison  of  aircraft  to  model  response.  These 
quantities  must  be  monitored  carefully.  This  statement  la  one  of  the  central  themes 
In  this  paper. 


It  ie  not  clear  whether  euch  n nodal  can  be  dealfrnod  In  Kuropc  In  the  near 
future.  The  prnblene  Involved  are  the  desl^^n  and  onnstruction  of  a n<.ie1  that  cm 
withstand  lartte  static  and  dynamic  loads  at  hi/’h  incidences  and  hi«:h  wind  tunnel  nimt 
down  loads,  yurthormore,  euch  models  are  expensive  and  not  readily  available. 

For  these  reasons,  nearly  all  European  techniques  are  baaed  on  th*  uae  of  senl- 
rlrld  models,  and  include  fli/^ht- tunnel  correlation  fnetors.  Hetnodn  covared  In  thin 
critical  review  are  discunsed  in  subsequent  chaptero. 
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2.1  Principle 

Tr.e  earlleat  concepts  of  derlvinr  buffetinr  boundaries  from  noml  wlm:  t uniu. 
toolc  wit!;  -omo  reliability  w' re  developed  by  Pearce;/  and  Holder  (1,  f,),  prlnc  1 p 1 e.» 
for  t'aeee  methodo  arc  derived  from  tiie  close  study  of  bufJ'ot.ni;  ct.aracter. .'•t  1 cn  of 
different  aircraft  In  comparison  to  wind  tunnel  tects.  T!ic  concluelon  was  ;..;at  the 
most  frequent  cauoc  of  buffetin,’  io  not  a localised  response  to  f!  actual liift  presBuren, 
but  t!ie  result  of  liae  direct  effects  wl.ieh  any  '.clnd  cf  si  narn! ! on  on  a wlnr  exerts  on 
tile  total  londino  The  effects  on  mean  lands  are,  in  turn,  closely  connected  witu  thi’ 
variation  tf  scan  pressure  at  the  trnlliint-cdj'e  t;;rou/ah  the  wlrii'  clrculatl  a. 

The  mechnr.lan  notlnp  on  an  airfoil  nr  a win,'  ;;aii  be  described  in  ':.r'cf  ae  followo: 
if  separation  on  t.a<-  upper  surface  of  ti.e  win,*  — due  to  leadlnr  ed/;e,  tn  11  iii/'-edre , '.r 
slioclc  Induced  separation,  vhieiiever  first  occurs,  nt  relevant  Kuion  number  and  incidence  — 

l.as  developed  sufficiently  to  tiilc'iton  the  boundary  layer  at  tiic  trnllin.'-udi'G  pnoltion 
and  hence  does  Influence  the  waFc,  n rapid  fall  in  pressure  on  the  upper  tr.a ! ; in/'-o;I/to 
will  happen,  ilowever,  on  tiie  lower  surface  t'rcre  art  no  ci.t.parable  chenites  In  tue 
visoouF  fl.ow  ti.at  can  filvo  the  ruduoe;i  sressure  .and  that  would  be  necen.''.ary  . n tiie 
two  sides  cf  th»  wake,  because  tiie  v.ake  cannot,  in  cencral,  support  a pressu:*' 
dlffernnc'  ncroac  It,  'Ihc  s c.-e  prenour'  an  on  ti.e  upper  i-'i,'-e  can,  1:.  fact,  cnly 
achieved  by  (•.  reduction  in  circulation,  hucii  a chatif’e  doe.s  pri  vide  iiiirearod  •.eloci*i'T 
■iid  de.oreancd  prorsures  over  tiie  wnolc  lower  sarf.acc, 

Aocordlncly , the  assiuption  t.aken  by  Peareey  .and  Holde'  (7,  4)  is  tliat  t'nt  un- 
ete.ady  loads  trircerel  by  separation  are  proportional  tr  t'le  ci'.arifte  of  the  mean  uero- 
dyno-mio  londln,',  1,  c.,  tiie  loss  in  lift  compared  to  tlie  l.nenr  variation  with  incidence 
for  attached  flow  as  indicated  in  Pi>;ure  6.  Locally,  the  onset  of  uneteadlnass  can  bo 
derived  from  the  rapid  dlvercence  of  the  trailln/j-edge  pressure  compared  to  the  linear 
variation  for  attached  flow  as  shown  in  Figure  C. 

The  driving  buffet  force  is  defined  by  a lift  loss  ibc^  or  a mean  troiling-edge 
presBure  diverc  -<ce  AOpjg.  Structurally,  the  aeoumption  ie  made  that  t'.o  aircraft 

can  be  treated  in  a rigid  body  heaving  mode,  or  that  most  of  tne  aircraft  behave  very 
similar  in  their  elastic  response  characteristic  to  a certain  degree  of  excitation, 
and  that  the  buffeting  intensity  can  be  obtained  by  calibration  fro.m  flight  tests. 

2.2  Analysis 
2.2.1  Kinkology 

Following  the  hypothesis  of  Peareey  an  Holder  (3,  4),  outlined  above,  kinke  -- 
defined  by  slope  changes,  rather  than  arbitrary  irregularities  — in  the  elope  of 
Cj^  or  Cj,j  versus  incidence,  are  used: 

to  estimate  for 


1.  Elnk  m buffet  onset 

2.  Kink  • Moderate  buffet  (2.1) 

3.  Kink  - Heavy  buffet 

A Justification  for  using  the  second  kink  to  define  moderate  buffeting  Ie  proven  by 
the  fact  that  the  separated  flow  often  rolls  up  Into  a vortex.  As  eoon  as  the  vortex 
Influe  pee  a sufficient  large  portion  of  the  wing  due  to  the  accompanying  lift  loss  or 
due  to  a backward  shift  of  the  local  c.  p.  position,  either  a pitch  up  or  pitch  down 
Cj;|  - kink  occurs,  which  also  results  in  a sudden  increase  in  drag.  Thus,  the  variation 

in  axial  force  versus  ct  or  Cj^  also  can  be  used  as  an  Indication.  Figure  7 ehowe  a 

typical  example  for  those  klnka.  Although  the  second  kink  does  not  allow  the 
establishment  of  a quantitative  value  for  buffeting  intensities,  it  gives,  in  many 
cases,  good  correlation  to  pilot 'e  opinion.  It  appears  that  in  those  cases,  the 
severity  of  buffeting  ie  not  the  limiting  factor,  so  that  pilot's  tend  to  fly  right 
up  to  a handling  boundary,  euch  as  pitch  up  or  wing  dropping,  which  are  likely  to 
occur  beyond  the  second  kink,  se  already  diecusaed  (see  Figure  1). 


2.2.2  SiBpllflad  Buffet  RtipoDM  OaloulAtlon 

In  Referenoe  (5)  O.L.  Bore  poetuletee  that  buffet  reeponee  ie  to  be  neaeured  bjr 
peak  acoeleratlon  (B.c)*  euffered  by  the  aaea  of  the  alroraft  and  the  fluctuating 
foroee  oauelng  buffeting  are  taken  to  be  proportional  to  the  deoroaont  of  lift 
coefficient  aa  outlined  In  para  2.1.  The  expected  Intenelty  of  buffet  reeponee  oan  be 
eetluated  from  the  alaple  foroula 


uelng  the  equivalence  ■ c^,  ae  ehown  in  Figure  6 a,  where  W le  the  aircraft  weight, 
S la  wing  area,  q la  dynanle  preeaura  and  K la  the  conetant  of  proportionality. 

The  peak  acceleration  criteria  ueed  for  varloua  degrees  of  buffeting  are  aa 
followa: 


Buffet  onaet  B — 0 negligible 
light  B > ♦ 0.2  g peak  to  peak 

BOderate  ® ± 0*^  R * * " (2.3) 

heavy  B»+1.0g"  » * 

Correlatlona  are  preaented  In  Reference  (3);  an  axaaple  la  shown  In  Figure  8 b for  the 
Harrier  GR1.  For  thla  airplane,  K • 1 has  bean  found  aatlsfactory.  Bore's  method  does 
not  take  Into  account  either  the  affects  of  aerodynamic  daoplng  or  of  wing  elasticity. 
The  fluctuating  force  la  representing;  a total  aerodynamic  force  independent  of  wing 
motion,  and  the  aircraft  reaponae  la  calculated  on  the  basis  of  a rigid-body  heaving 
mode. 


The  analysis  presented  by  Jones  (1),  which  starts  from  the  differential  equation 
for  the  heaving  mode,  proves  that  under  certain  conditions  a heaving  response 
calculation  Is  appropriate.  Thla  Is  possible  only  when  the  heaving  motion  contributes 
slmlflcantly  to  pilots'  Impairment,  for  example,  at  positions  very  close  to  bending 
nodes  at  frequencies  of  1 - 10  Hz.  Then  the  effect  of  aerodynamic  damping  Is  negligible 
and  vibration  intenaltlea  satisfy  the  equation  given  by  Bore  (3).  Consequently  the 
reaponae  Is  directly  proportional  to  the  excitation  and  likewise  to  q.  Thus  at  constant 
true  airspeed  the  response  varies  linearly  with  air  density  $ (see  Figure  8 b). 

2.2.3  Method  Based  on  Tralllng-Edge  Pressure  Divergence 

The  first  suggestion  that  tralllng-edge  pressure  divergence  may  be  used  to  predict 
buffet  loads  was  cade  by  J.C.  Wlnnpenny  In  the  discussion  of  the  paper.  Ref.  (4).  An 
attempt  to  predict  buffet  onset  from  a divergence  of  A c_  > 0,04  - 0,03  at  a semlspan 

pte 

position  of  <2  a 0.63  is  certainly  too  simplified.  Husk  (6)  shows  good  comparisons,  but 
this  la  obviously  only  true  for  wings  that  are  designed  using  the  same  principles. 

In  Figure  9 an  example  Is  shown,  but  the  comparison  le  poor. 

A better  approach  le  proposed  by  Bore  (7).  The  method  Is  based  on  an  analogy  of 
a buffet  force  coefficient  with  the  normal  force  coefficient  giving; 


Where  H Is  the  normal  force,  B is  the  peak  oscillatory  normal  force;  (n.g)*^  is  normal 
acceleration  and  (b.g)*)  le  the  peak  oscillatory  acceleration.  Taking  a number  of 
simplifying  assumption.  Bon  used  this  equation, 

■ -r  • d"?  (2-5) 

o 0 

which  Is  a strip-theory  analogy  to  the  steady  flow  relations-shlp.  The  Integral  can 
be  evaluated  graphically  for  given  values  of  eC  , and  M and  c-  can  be  cross-plotted 
In  a c^  against  M dlagramm. 


* Read:  B In  fractions  of  gravitational  constant. 

*}Read;  n or  b In  fractions  of  the  gravitational  constant. 


Valuti  for  B oan  then  b«  oaloulattd  by  the  uae  of  equation  (?.2).  Ac  outlined  for 
equation  (2.3)  noderate  buffeting  le  then  attributed  to  a value  of  B > 4-  0.6.  A 
•ohenatlo  exanpla  la  ahovm  in  Figure  10.  In  applying  thla  aethod,  care  Suet  be  taken 
to  allow  for  ail  the  exceptions  that  oan  Influenoa  the  tralllng-edge  preeeure,  auoh 
ae  the  prwaence  of  eupereonlc  flow  at  the  tralllng-edge  or  vortloea,  which  Is 
described  In  more  detail  in  Ref.  (3). 

Reliable  buffet  loads  can  not  be  obtained  by  either  of  these  methods  presented 
In  parogroph  2.2. 

7.3  Critical  Remarks 

The  methods  discussed  ore  a good  first  approach  for  defining  buffeting  boundarlen, 
especially  In  the  lower  Kach  number  area  and  In  cases  where  no  other  Information  Is 
available.  Also,  In  cases  where  a 2-dimensional  type  of  flow  Is  predominant,  the 
results  will  he  good,  because  there  le  almost  no  margin  between  buffet  onset,  moderate 
buffet  and  Limitations  come  In  at  higher  Mach  numbers,  and  In  oases  where 

ass'imptlons  taken  for  the  dynamic  characteristic  of  the  structure  are  no  longer  valid. 

The  following  main  problems  can  be  defined: 

1.  The  determination  of  buffet  onset  on  the  basis  of  kinks  often  leads  to  too  optimistic 
results.  This  observation  is  In  accordance  with  recent  experiments  of  Ray  and 
Taylor  (b)  on  a large  number  of  wings.  A possible  explanation  Is  that  the  Initial 
onset  of  separation  that  causes  a lift  loss  on  one  area  may  be  compensated  by  an 
increase  In  lift  resulting  from  a sudden  extent  of  a local  supersonic  region  in  an 
other  area  of  the  wing  (see  Figure  11). 

7.  If  the  flow  separation  starts  at  the  leading  edge  and  extents  slowly  downstream, 
th>‘n  It  is  obvious  that  tralllng-edge  pressure  divergence  and  lift  loss  due  to  an 
overall  change  in  circulation  will  occur  significantly  later  than  buffet  onset. 

3.  Bore's  assumption  that  the  aircraft  can  be  treated  in  its  rigid  body  heaving  mode 
la  a limitation  which  can  be  adopted  only  for  small  fighters  with  low  aspect  ratio 
wings.  It  must  be  clearly  stated  that  the  elastic  behaviour  of  the  structure  and 
the  effect  of  damping  can  not  be  neglected  in  establishing  vibration  levels.  This 
can  be  seen  from  theoretical  considerations  that  in  cases  where  aerodynamic 
damping  is  dominant  In  one  mode,  then  the  attained  vibration  level  should  be  pro- 
portional to  rr  of  air  density  and  not  directly  to  $ as  would  result  from  equation 
(2.2).  But  there  Is  a possibility  to  replace  the  constant  K of  equation  (2.2)  by  a 
transfer  function,  which  will  allcw  the  Inclusion  of  such  a dependency  on  damping. 

2.4  Theoretical  Methods 

Following  the  principles  outlined  in  paragraph  2.1,  Fearcey  and  Holder  (3) 
proposed  n procedure  for  calculating  the  buffet  onset  boundary.  The  first  successful 
attempt  to  evaluate  transonic  buffet  limits  in  a theoretical  approach  was  reported  by 
Thomas  (O).  Thomas  predicted  buffet  onset  assuming  that  It  occurs  when  shock  position 
and  separation  - only  rear  separation  can  be  treated  - coincide.  According  to  the 
availability  of  theoretical  methods.  Including  shocks,  Thomas  applied  only  two- 
dimensional  methods.  Recently  an  extension  to  sheared  wing  flow  was  presented  by 
Redeker  (10).  The  application  of  these  methods  Is  limited  to  wings  with  a predominant 
2-dlmenslonal  flow. 

A disadvantage  In  the  use  of  the  above  methods  Is  that  they  predict  rather  large 
Reynolds  number  Increments  in  cases  where  wind  tunnel  results  show  little  or  no 
influence  of  Reynolds  number.  The  assumption  of  Thomas  and  Redeker  (10)  that  there 
exists  a linear  relationship  between  buffet  and  the  region  of  separated  flow  is 
obviously  no  longer  valid  at  high  Mach  numbers  and  for  small  thickness  ratios. 

Since  It  is,  at  present,  impossible  to  calculate  boundary  layer  and  exciting 
forces  for  separated  flow,  it  is  impossible  to  evaluate  buffeting  Intensities. 


3.  Prediction  of  Buffeting  Intensity  on  the  Basis  of  the  Dynamic  Response  of 

Semi-Rigid-  Models 

3.1  Principle 

Since  buffeting  le  the  dynamic  response  to  an  unsteady  load,  a number  of  dynamic 
test  techniques  and  evaluation  procedures  have  been  developed  during  the  last  few 
years.  Huston  (l1)  suggested  a method  for  predicting  the  onset  of  buffeting  and  fl'ght 
buffeting  loads  from  measurements  of  unsteady  wing  root  bending  strain  performed  on 
semi-rigid  wind  tunnel  models.  In  order  to  obtain  unsteady  wing  root  bending  moments, 
strain  gauges  are  cemented  near  the  root  of  the  wing  on  the  flexural  axis.  The  method 
assumes  that  the  reduced  frequency  of  the  wing  fundamental  bending  mode  Is  about  the 
same  for  model  and  aircraft. 


^ • “model  ■ ^ * “aircraft  (3.1) 


Noroally  on  a modal,  tbla  mod#  la  only  allghtly  dampad.  Iharafora.  about  80  of  the 
total  RMS  of  the  wing  root  banding  atraln  In  oonoantratnd  near  thla  fraquanoy  and  oan 
ba  eaally  analynad.  During  a normal  teat  run,  the  wing  root  atraln  nlgnal  la  raoordad 
and  filtered  on  the  baalo  mode  to  allmlnata  influanoaa  of  the  rigging  ayatan,  <^)  RMS 
valuen  can  ba  generated  cither  on  line  to  monitor  the  tact,  or  after  tha  tanta  ualng 
digital  computern,  If  more  and  more  aoourata  Information  la  wanted.  In  Flgura  12  a 
typical  plot  of  tha  RMS  value  of  the  wlpa  root  banding  atraln  varaua  Inoldanoa  la 
ahown.  Up  to  a certain  Incidence , TffT  nearly  oonatant,  and  from  tha  Inoldanoa  of 
buffet  onaet  onward,  the  algnal  la  rlalng,  oomparable  to  tha  dlvarganoa  of  trailing- 
edge  preaeura. 

In  thla  way,  buffeting  teata  oan  be  made  almultanaoualy  with  conventional  force 
■leaaurementa.  Thla  method  la  generally  aooaptad  aa  tha  moat  oonalatant  and  reliable 
method  of  aaaeaalng  buffet  onaet  from  model  teata  (12,  13,  14).  Many  fllght/tunnal 
comparlaona  of  buffet  onaet  are  available  (12,  13,  15).  Tha  correlation  la  In  general 
good  to  fair,  and  the  method  la  widely  uaed  for  comparative  teata  during  the  early 
atagaa  of  project  atudlea  or  for  wing  dealgn  purpoaaa.  In  order  to  obtain  Information 
about  the  aeverlty  of  buffeting,  which  la  cloaely  connected  to  the  poet  aepmratlon 
onaet  behaviour  of  the  flow  over  the  wing  and  tha  dynamic  reaponae  of  tha  atruotura 
to  thla  excitation,  one  la  left  with  the  problem  of  acallng  the  buffeting  loada  fram 
the  model  to  the  aircraft.  Thla  problem  la  difficult  to  aolve  bacauae  It  Involvaa  the 
correct  knowledge  of  the  excitation  and  the  tranafer  function  of  the  alaatlc  ayatam 
In  terma  of  their  quantitative  valuea.  In  an  early  atage  of  a project,  thla  Informa- 
tion la  not  available. 

One  attempt  to  overcome  thoae  problema  la  to  by-paaa  tha  unoertalntlaa  and  to 
uae  the  buffeting  meaauremanta  on  aeml-rlgld  modela  and  derive  dlmenalonlaaa  buffeting 
coefflclenta,  and  correlate  them  directly  with  buffet  penetration  achieved  In  flight. 

Such  a method  hae  been  developed  and  preaented  by  Mabey  (15),  and  la  In  common  uae  In 
Europe  for  eetlmatlng  the  buffet  penetration  capability  of  aircraft. 

3.2  Description  of  the  Mabey  Technique 

The  unateady  RMS  value  of  the  wing  root  strain  signal,  filtered  around  the  wing 
fundamental  frequency  Is  divided  by  the  dynamic  pressure  q to  give  values  of 

Cg  ( oC  ) - (3.2) 

which  can  be  plotted  against  Incidence  at  a given  Mach  number,  (see  Figure  12).  Mabey 
aaaumes  that  there  Is  a substantial  range  of  Incidence  at  the  lower  teat  Mach  numbers 
for  which  the  flow  over  the  wing  la  attached  and  for  which  Cg  la  constant.  Thla  value 

Is  denoted  Cp^,  and  can  be  related  to  the  tunnel  flow  unsteadiness  parameter 

V n . F (n)  ‘ * at  the  appropriate  Mach  number  and  frequency.  The  basic  hypotheala  of 
Mabey  Is  that  V n . F (n)  'is  the  exciting  force  to  Cg  , and  can  be  used  for  calibration, 
thus  it  oan  be  written.  ° 

Ogp  = K . V n . F (n)'  (3.3) 

A dimensionless  coefficient  can  then  be  obtained 

®B  ^ ^ . °B  ( ^ 

and  the  relation  exists 

°3o  = “Bo/K  = Nn  . P (nT  (3.5) 

This  evaluation  Implies  that  a certain  tunnel  unsteadiness  Is  neceeeary,  and  that  the 
tunnel  used  must  be  calibrated  with  respect  to  \ n . F (n)l  A typloal  variation  of 
this  quantity  with  Mach  number  at  constant  frequency  Is  plotted  In  Figure  13.  The 
buffeting  coefficient  c^  ( t(  ) Is  a direct  measure  of  the  generalized  force  acting  In 

the  wing  fundamental  mode  due  to  any  distribution  of  pressure  fluctuations  on  the  wing. 
The  scaling  factor  K can  be  regarded  as  a transfer  function  representing  the  dynamic 
behaviour  of  the  structure  In  the  wing  fundamental  mode.  K la,  of  coures,  different 
for  every  model  and  depends  on  mass,  stiffness  distribution  and  total  damping  of  the 
fundamental  wing  mode  and  on  details  of  the  Instrumentation.  Mabey  assumes  that  K Is 
invariant  with  Mach  number.  At  higher  Mach  numbers,  when  even  at  oC  g 0 some  separation 
on  the  wing  can  occur,  cl  will  show  an  Increase  relative  to  Sn  . F (n)‘  (compare 
Figure  141  but  until  tnen,  the  two  curves  should  be  similar,  and  It  is  recommended  to 
check  the  trend  with  Mach  number. 

*)  for  example  the  sting  heaving  mode. 

* Yn  . P (n)'  = £ • p = unsteadiness  In  pressure 

£ = ^ f / f analyzer  bandwidth 


In  order  to  aohiovt  a ooeffiolant  e|  ■ 0,  whloh  oorrtsponda  to  buffot  onaat,  a 
roduotlon  to  “ 


la  proposed  by  Mabeyi  however,  this  is  often  ill  defined,  due  to  a premature  oreep  in 
the  variation  of  o^  with  Inoidenoe  prior  to  the  rapid  build-up  of  buffet.  In  order  to 

prove  the  validity  of  his  method,  Kabey  has  performed  a number  of  tests  on  a variety 
of  research  models  at  different  scale,  but  always  the  sans  planform  geomstry.  The 
models  were  built  from  different  material,  and  had  different  values  for  total  damping 
and  fundamental  frequencies.  They  were  tested  nt  different  levels  of  tunnel 
unsteadiness  but  at  the  sane  Reynolds  number,  and  he  obtained  almost  the  same  buffeting 
coefficients.  Mnbey  then  proponed  on  the  basis  of  flight-tunnel  comparisons  and  based 
on  pilots'  opinion,  that  for  any  aircraft  one  can  plot  c,  against  Mach  number  boundaries 
defined  by:  ^ 


Mabev  criteria 
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A typical  coeparisen  1b  shown  in  i'lgure  f;.  The  poor  correlation  at  = O.c  and  above 
can  be  duo  to  a number  of  reasons;  ti.cy  are  not  .ilrcussri  by  Mabey. 

Tae  application  of  the  dincuaaed  method  involves  a r.  nober  of  assumptions,  and  some 

reco’tr.enaatior.r  arc  .*lven  In  Ref,  (15),  wnica  should  be  followed  tn  obtain  conclusive 
results.  7;;e  oxiraaolutlon  of  bu;f>*t  1 ;a.is  ;'ur  t::e  full  scale  aircraft  on  the  basis 
of  ruffetinf:  coefficients  is  explained  in  Ref.  (1},  or  classical  met:iods  (li,  14,  U./ 
can  be  uor.lied. 

A .iuc'orisl!.,:  fact  in  the  crrrelatlon  establisiied  by  Mabey  is  that  the  buffeting 
■■•vindaries  can  be  obtained  in  most  cases  by  r dinensuonless  buffeting  coefficient. 

In  tr.'  se  0 uses  -t  !s  obviously  not  necess.ir;/  t'^  evaluate  dimensional  local 
accelerations  by  use  of  mode  shape  faolcrs,  r.od-il  line  Doslticn,  generalized  masses 
uni  diutclng,  'ilt:.,iugh  It  is  doubted  tr.at  thiose  parameters  can  be  iieglegted  completely, 
oome  "•.".cr.ri- s"  exisu  , ith  regard  to  t.uls  phencner.cn:  The  most  simple  one  Is  that 

nearly  ai'.  aircraft  behave  structurally  very  slnillar  du"  tc  th.e  foot  that  flutter 

spcpiaiists  luave  carefully  designed  the  structure  tc  the  sane  common  nrlncibles  in 
order  t3  obtain  flutter  sneeds  well  vutside  the  flight  e;;vei,jpe,  Ihe  numbers  -resented 
in  equation  (’.7)  ti.us  Include  mos*  c f the  structural  ''ar- . oularl  ties.  I'ac  difference 
between  maximum  penetration  of  a fighter  and  of  a transp-r:  aircraft  already  accounts 
f.r  the  fact  taut  a pilot  on  n trnnsoort  aircraft  is  m.crf-  ;ff  the  nodal  line  of  the 
fu.selage  than  on  a fighter. 

dince  the  iime::o  ionles.s  buffetin.'  coefficient  represr-ts  a generalized  aero- 
dynamic excitation,  1*  is,  in  any  case,  possible  to  produce  design  c.oarts  wi'.ich  siiow 
at  Ic.a.ot  trenls  u‘'  the  Influence  on  aerodynamic  excitation  of  the  main  design  parn- 
m.etorc  line  section  form,  swee-  bacic,  wing  form,  wing  thickness,  and  possible 
improvements  by  use  of  manoeuvre  slats  and  /er  flaps,  ilucu  design  charts  can  well  assist 
ti.e  designer  in  his  early  pro.iect  evaluation.  A typical  examnle  of  the  influence  of 
sweep  on  buffeting  contours  of  a swing  wing  fighter  :e  shown  in  Figure  ib  and  of  the 
increments  due  to  well  designed  manoeuvre  slats  in  Figure  17. 

3.3  Critical  Rem.arks 

lunncl  results  obtained  by  this  method  are.  In  general,  good  to  fair  and 
extre.moly  u.sef'.r.  for  protect  studies  and  conpar.’itlve  tests,  T!ie  problems  associated 
•..'ita  the  use  of  the  Mabey  technique  are  those  wliich  either  result  fr^-m  models  and 
the  iunnel,  or  wlaici.  are  by-passed  by  using  statistical  correlations  and  pilots' 
opinion : 

1.  uom'^tim.eD  poor  repeatability  must  be  stated.  VTr.othcr  or  not  this  ic  dur  to 
differences  in  rigging  .or  differences  In  transition  fixing  is  unclear, 

?.  i-lstabl Ishlng  an  appropriate  K-fnetor  nt  i:ig'.er  Mac):  numbers  and/or  in  cases  wh.ere 
y n . F'Cni’dr  not  show  a unique  t7*end,  causes  considerable  difficulties, 

3.  Tne  Imserfeotions  of  the  model  structure  can  have  a negative  influence  on  results. 
Large  changes  in  mid  frequency  (see  rigtire  18)  can  be  reported,  which  causes 
problems  in  establisliing  proper  RMS  values.  The  resulting  cU  is  extremely  spiky  and 

shows  an  irregular  variation  with  incidence.  Plateaus,  spikes  and  predivergence 
creep  etc.,  cause  considerable  dlfficultion  in  the  interpretation. 


4.  On  n model,  one  will  find  purely  etructurnl  damplnc*  Imperfections  of  the  model, 
like  a lar^e  number  of  .lolnts,  can  reeult  In  a variation  of  structural  damping  with 
either  static  or  dynamic  load  (see  Figure  1U).  Since  the  variation  of  structural 
damping  on  those  models  which  form  the  basis  of  Mabeys  tunnel-flight  correlation 

is  not  known.  It  Is  unclear  whether  results  obtained  with  varying  damping  must  be 
corrected  or  not. 

5.  In  flight,  most  of  the  buffeting  at  the  pilot's  station,  (see  Ref.  2),  is  In 
second  and  third  structural  modes,  because  the  total  damping  In  those  modes  Ir 
smaller  than  for  the  first  wing  bending  mode.  This  fact  casts  some  doubt  on  the 
assumption  of  Kabey  that  there  exists  a linear  correlation  of  Intensities  between 
pilot's  station  and  the  wing  root  fundamental  bending  strain.  In  cases  where  u<^- 
stable  shocks  at  frequencies  outside  natural  ones  produce  large  amounts  of  energy, 
a forced  mode  can  be  established.  This  effect  can  even  be  found  on  seml-rlgld 
models,  as  Is  shown  In  Figure  19.  This  forced  mode  '.s  however  not  taken  Into 
account  by  the  I-kibey  technique  due  to  the  application  of  a filter  around  the 
fundamental  mode. 


4.  Methods  Using  Fluctuating  Pressure  Measurements 

4.1  Principle 

Methods  discussed  so  far  give  relatively  good  results  about  exciting  forces, 
but  the  structural  problems  are  either  oversimplified  or  by-passed  by  using  statistical 
correlations.  Thus  the  extrapolation  to  the  full  scale  aircraft  Is  In  many  cases 
questionable.  There  are  two  fundamentally  different  methods  of  predicting  the  buffeting 
Intensity  composed  from  the  main  modes  starting  from  wind  tunnel  measurements  on 
models.  The  first  one  usee  dynamically  scaled  aeroelnstlc  models.  This  has  been  dis- 
cunsod  already  In  paragraph  1.4.  The  second  one  starts  from  nenaurements  of  the 
pressure  fluctuations  on  a semi-rigid  model  and  then  calculates  toe  dynamic  response, 
when  these  pressures  act  on  the  flexible  structure.  A survey  of  the  problems  involved 
in  this  second  possibility  of  an  approach  Is  given  by  Moss  (17).  The  first  attempt 
to  perform  such  calculations  was  done  by  Mitchell  (10)  on  a Concorde  type  of  wing.  No 
flight  to  calculation  comparison  has  been  published  by  Mitchell. 

A detailed  analysis  of  the  different  possible  concepts  for  this  approach  Is 
given  by  Jones  (1).  According  to  the  principles  outlined  by  Jones,  the  difficulty 
that  arises  Is  encountered  in  the  difference  In  dynamics  of  the  structure  of  a quasl- 
rlgld  wing  (model),  having  small  amplitudes  only  and  In  the  full  scale  aircraft  having 
rather  large  amplitudes  at  buffeting  conditions.  Two  main  cases  can  be  distinguished: 

1.  Forced  vibration  model 

This  consists  of  random  pressure  fluctuations,  which  are  Independent  of  wing  motion. 
The  motion  In  turn  produces  an  additional  pressure  field  (oscillating  pressures), 
which  provides  the  aerodynamic  damping.  The  appropriate  model  Is  "nonautonomous* 
and  a linear  analytical  formulation  Is  adequate. 

2.  Non-linear  flutter  model 

Here  the  driving  forces  depend  In  a deterministic  way  on  the  motion  of  the  wing. 

The  appropriate  model  Is  "autonomous”  and  a nonlinear  analytical  formulation  Is 
essential. 

The  main  problem  that  arises  for  the  theoretical  approach  Is  the  fact  that  the 
transition  from  the  first  case  to  the  second  Is  fluent,  and  the  amplitude  of  the  wing 
motion  Is  a relevant  parameter. 

4.2  Theoretical  Model  and  Assumptions 

A software  package  for  the  application  of  FSS  concepts  for  buffeting  analysis 
Is  presently  under  development  In  Gsioany,  and  1s  monitored  by  the  author  (19,  25). 
Stalls  of  the  recording  eyatem  and  the  equatlona  used  can  be  taken  from  Ref.  (19,  25). 
A brief  verbal  description  le  presented  here  only,  due  to  the  rather  complicated 
equatlona:  on  the  other  hand  there  is  nothing  new  about  the  application  of  statistical 
concepts,  like  correlation  functions,  power  spectral  density  (PSD)  and  RMS  values  In 
aerodynamics. 

A linear  theory,  the  so-called  "forced  vibration  model",  (see  Figure  20)  has 
been  adopted  to  be  applied  In  the  area  up  to  moderate  buffeting  only,  assuming  that 
on  the  aircraft  up  to  this  limit  the  amplitude  of  the  wing  motion  Is  email  (see  above). 
The  calculation  Is  starting  from  the  differential  equation  of  motion 


+ D . X + C 


h'*  ^Buffet' 


where  the  left  hand  side  represents  the  structure  and  the  right  one  the  aerodynamic 
quantities.  M Is  the  equivalent  maes,  D a vlecous  damping,  C the  stiffness,  x the 
amplitude  and  the  dotes  the  derivatives  with  time.  P with  Index  Is  the  appropriate 
aerodynamic  force  and  z«pre*ents  the  exciting  force  due  to  buffet.  The 

structural  model  Is  equivalent  to  those  used  for  gust  response  calculations.  The 
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■olution  of  (qua.  (4.1)  la,  ^.harafora,  well  known  and  typically  reported  In  (19|?4). 

For  a aanl-rlgld  model,  the  aaaunptlon  oan  be  made  that  the  amplltudoa  are 
negligibly  amall,  ao  thnt  buffet  foreaa  are  noting  on  the  aurfaoe  only,  which  can  be 
recorded  via  dynamic  preaaure  plok-upe.  For  the  Inveatigatlon.  fluctuating  preeaurea 
have  been  recorded  ualng  a 5th  aoale  half  modal,  aa  ahown  in  Figure  21.  A half  model 
was  eeleoted  to  provide  aufficiant  thlokneaa  for  Inatalllng  the  total  eoulpment,  aa 
there  waai  44  etatio  preaaure  tapplnga,  19  unateady  preaaure  plok-upa,  6 accalero- 
inetere  and  a wing  root  atraln  gauge,  tlie  following  picturea  will  ehow  eome  typical 
reaulte.  In  general,  it  oan  be  atated  that  the  power  apectral  denelty  le  flat,  dropping 
at  a dietlnct  frequency  (aee  Figure  22).  lit  oaeee  where  unstable  ehocke  appear,  the 
epeotrum  Is  showing  a local  maximum,  and  the  accelerometers  Indicate  a forced  mode  at 
this  frequency,  often  near  the  natural  torsion  mode  (see  Figure  23  and  19).  In  Figure  7! 
a comparLson  In  shown  of  normalized  PSl^plota  of  unsteady  presauree  taken  at  different 
Reynolds  numbers,  which  have  been  recorded  during  a test  phase  In  the  6'  x 8'  RAF 
pressurized  tunnel.  This  figure  shows  a clear  trend,  but  it  it-  difficult  to  Judge  the 
overall  trend  from  those  records,  because  there  Is  no  unique  trend  for  all  stations. 

Using  ore-estnbllshed  mode  shapes  for  a number  of  natural  frequencies, 
genei'allzed  forces  can  be  generated  using  such  records.  The  next  step  Is  to  calculate 
autocorrelation  and  cross-correlntlonfunctlons  for  use  with  the  structural  model. 

As  a final  result,  power  spectral  densities  of  local  accelerations  In  fractions  of  the 
-travltational  constant  can  be  obtained  at  any  station  of  the  aircraft.  From  the 
response  calculation  at  the  station  of  the  pilot,  an  nsBessraent  of  the  pilot's 
impairment  can  be  achieved  using  the  ISO-Utandard  method  (20).  Another  approach  to 
iissesB  the  pilot's  llmitatlono  is  to  accummulate  signala  of  the  different  frequencies 
using  weight  factors  for  different  frequencies  according  to  Ref.  (20)  and  calculate  a 
total  RMS  buffeting  acceleration.  This  value  can  be  transformed  to  a peak-to-oeak 
norr.al  buffeting  acceleration,  using  a crlterlum  according  to  equation  (2.3),  buffet. ng 
boundaries  can  be  established.  Three  typical  results  of  local  PSD  plots  — at  wing  tip, 
strain  gauge  position  and  pilots  seat  —are  to  be  seen  in  Figures  24.  25,  26. 

Up  to  now,  the  calculations  are  simplified  Insofar  as  a wing-body  combination 
'-in  be  treated  only. 

r!ie  brief  description  given  above  does  already  indicate  tnat  an  extensive 
oonputatlon  effort  is  needed.  Hence,  a limited  number  of  mencurenents  and  oalculations 
are  available  only. 

1.3  jamp irg 

For  the  final  oalculaticn,  oscillating  presoureo  due  to  tho  notion  of  the  wing 
and  lonotel  in  equa.  (4.1)  P*»  , P*,  1’..,  must  be  introduced,  and  a number  for  tiie 
strue* ural  damping  of  each  node,  Susf'be  adopted.  For  the  inveotigatlonc  .mentioned 
above,  tiie  structural  damping  la  varied  between  3 ?•  and  5 5^,  and  can  be  finally 
.issiiBsed  from  ground  vibration  tests  of  the  aircraft,  Csci  Hating  pressures  are 
;'ilou.at(d  according  to  a .method  described  by  lasciika  i2i'  assuming  attached  flow. 

Till,  aorodyna-g.ic  damping,  as  obtained  by  theor;-  for  att?  hoi  flow,  is  considered  to  be 
linear!  that  means  t;.e  coefficient  i,f  damping  1.’  a con..  t for  all  amplitudes  of 
ascii lacion. 

Flig.ut  test  results  performed  recently  by  Jones  ( on  a fighter  aircraft 
indicate,  as  can  be  seen  from  Figure  2b,  a large  varia-  on  of  "apparent"  damping  In 
the  wing  fundamental  mode  with  incidence.  Test  results  reported  by  Rainey  (23)  on  har- 
monically excited  models  also  shoo  a variation  with  incidence,  although  not  to  the 
same  extent  as  given  in  Figure  2-  . Wlien  it  is  recalled  that  the  increase  occurs  beyond 
buffet  onset  where  steady  force  coefficients  are  also  nonlinear,  it  is  unlikely  that 
tlie  assu.mptlon  of  linear  oiiaracterlstics  during  buffeting  will  be  valid.  Thus,  the 
calculation  will  be  pessimistic  with  regard  tc  the  fundamental  wing  mode. 

4 . 4 Remarks 

V?  to  now,  only  theoretical  approaches  and  discussions  are  published.  Mitchell 
(18)  has  never  circulated  resulte  of  Concorde  flight  tests.  The  lack  of  correlation 
information  with  which  one  could  obtain  the  accuracy  of  the  method  ie  certainly  a 
di.iadvantage.  On  the  other  hand,  it  Ie  obvious  that  measured  pr‘'"eure  fluctuations 
on  a atruotvrally  responding  wing  - as  on  a flying  aircraft  - are  difficult  to 
interpret  on  a quantitative  basis,  owing  to  mutual  cancellation  of  aerodynamic 
excitation  and  aerodynamij  fiiroes  at  the  natural  frequency  of  wing  notion.  Thus, 
vibration  levels  and  buffeting  design  loads  can  be  correlated  only. 

iwe  tr  ,1  number  of  uncertainties  and  simplifications,  some  short  comings  must 
be  expected,  Ileverttieless  one  can  perform  a munber  of  comparative  studies  in  a 
par.anetrio  v;,ay  and  gain  in  experience  about  the  behaviour  of  an  aircraft  beyond  the 
buffet  brmndar;/.  An  example  of  such  a comparative  calculation,  wherein  the  influence 
of  wing  fuel  on  buffeting  was  studied  (see  Ref,  25),  is  shown  in  Figure  29.  The 
result  presented  in  Figure  29  gives  an  Indication  about  the  scatter  which  can  be 
expected  from  fight  teste  depending  on  the  amount  of  fuel  carried  in  the  wing. 


Oonoluiioni  and  Objaotivaa  tor  ?uturt  Raiaaroh  Work 
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Stvtral  nothoda  — for  aont  varloua  taohnlquaa  of  analyala  - - ara  thua 
avallabla  to  tha  apaolallat  Intaraatad  In  buffatlng  Inforaatlon.  Particular 
conaldaratlona  In  aaoh  oaaa  will  gulda  tha  Individual  oholoat  availability  of  nodala 
or  appropriate  tunnala  and  meana  of  analyala. 

Iha  Boat  favourable,  but  Boat  axpanalva  teat  tachnlqua  Inpllaa  obvloualy  the 
uaa  of  dynaaloally  aoalad  flaxlbla  Bodala.  Tha  required  Inforaatlon,  however,  will 
coma  relatively  lata  In  a project  ataga  and  will  not  Influence  tha  configuration 
directly.  Por  early  daalgn  phaaaa  r'.nd  coBparatlva  testa  on  alternative  wing  daalgns, 
the  application  of  the  Mabay  tachnlqua  la  racoBBandad.  The  extensive  oonputtng 
facilities  that  ara  naadad  to  obtain  buffeting  levels  and  loads  using  the  PSD-oonoept 
will  limit  this  method  to  an  application  for  check  out  In  critical  areas  or  for 
specific  design  problsBS  only.  The  relation  between  buffeting  Intensities  and  mean 
loads  Is  restricted  to  relatively  rigid  aircraft.  An  extension  to  Include  dynamic 
response  characteristics  of  the  structure  Is  wanted. 

Of  major  Importance  for  all  methods  discussed  Is  the  Influence  of  damping  on  the 
attained  vibration  level.  It  Is  recommended,  therefore,  to  monitor  the  possible 
variation  of  dsBplng  with  Incidence  on  models  and  on  aircraft  to  provide  detailed 
Information  and  means  of  correlation.  More  research  work  Is  wanted  In  this  area  to 
eliminate  contradictory  conclusions. 

Por  many  years  It  Is  known  that  separation  nas  a derogatory  effect  on  aircraft 
performance.  Therefore,  much  effort  has  been  concentrated  on  Improving  theoretical 
methods  of  wing  design  to  avoid  early  separation.  Possibilities  to  control  the  growth 
of  separation  beyond  buffet  onset  and  to  obtain  by  such  means  a more  gradual  develop- 
ment of  buffet  forces  with  Incidence,  are  not  studied  in  sufficient  depth.  Moat  of 
our  knowledge  about  fenceo,  notches,  vortex  generators  etc.,  has  been  obtained  through 
trial  and  error  and  has  provon  to  be  successful.  As  there  is  an  increased  trend  toward 
the  use  of  fluctuating  pressure  measurements  for  the  study  of  buffeting,  a research 
program  should  be  initiated  to  investigate  means  of  controlling  the  growth  of  separation. 
This  would  help  to  put  our  understanding  of  the  phenomenon  on  a firmer  footing. 

Furthermore,  high  Reynolds  number  test  facilities  are  needed  to  eliminate  the 
uncertainties  which  arise  in  the  extrapolation  to  the  full  scale  flow  conditions. 

Plnally  it  must  be  stated  here  that  a method  to  predict  tail  buffeting  loads 
In  turbulent  wake  flow  Is  practically  nonexistent. 


6.  References 
1.  Jones,  J.O. 

?.  Haroon,  P.W. 

3.  Pearcey,  H.H. 
Holder,  D.W. 

4.  Pearcey,  H.H. 

5.  Bore,  C.L. 

6.  Husk,  B.I. 


7.  Bore,  C.L. 


8.  Ray,  E.G. 
Taylor,  R.T. 


A Survey  of  the  I^namic  analysis  of  Buffeting  and 
Related  Phenomena. 

RAE  Tech.  Rep.  72197,  1973 

Evaluation  of  an  Aeroelastic  Model  Technique  for  Predicting 
Airplane  Buffet  Loads. 

KASA-THIK7P66,  1973 

Simple  Methods  for  the  Prediction  of  Wing  Buffeting  from 
Bubble  Type  Separation. 

NPL  Aero  Rep.  102^;  ARC  23,884,  1962 

A Method  for  the  Prediction  of  the  Onset  of  Buffeting  and 
other  Separation  Effects  from  Wind  Tunnel  Tests  on 
Rigid  Models. 

AGARB  Rep.  223,  ARC  Rep.  20,631,  1938 

Post-Stall  Aerodynamics  of  the  Harrier  GRl. 

AGARB-CP-102,  Paper  19 

"Fluid  Bynamlce  of  Aircraft  Stalling",  1972 

The  Influence  of  Major  Design  Parameters  upon  Buffet 
Boundaries  of  a Wing. 

Paper  Presented  at  the  14th  AQARD  Meeting  of  Structures 
and  Materials  Panel,  Paris  1962 

Edtlmatlon  of  Buffet  Boundaries  Using  Wind  Tunnel  Trailing 
Edge  Pressure  Measurements. 

Unpublished  Work  at  Hawker  Aircraft  Ltd.,  1962 
Description  included  In  Ref. 

Buffet  and  Static  Aerodynamic  Characteristics  of  a 
Systematic  Series  of  Wings  Determined  from  a Subsonic 
Wind  Tunnel  Study. 

HASA  TND  - 5805,  1970 


t 

3 


I 


9.  Thomas,  F. 


Die  Ermittlung  der  SchUttelgrenzen  von  TragflUgeln  Im 
transsonischen  Ceschwindlgkeltsberelch. 

Jahrbuch  der  WGLR  1966,  S.  126  - 144. 


■■1,1 


I 


10.  Uodckor)  G.  file  Bereohnuti.i'  der  fichllttelgrenzsn  von  FfeilflUgcln 

ZPW,  1973,  Heft.  10 

11.  Hiicton,  W.B.  A ntudy  of  the  Correlation  Between  Flight  end  Wind 

Tunn:.x  Buffet  Loade. 

AOARD  Re^-.  Ill,  1957 

17.  Mabey,  fi.G.  Cotnparleon  of  Seven  Wing  Buffet  Boundaries  Measured  In 

Wind  Tunnels  and  Flight. 

ARC  CP  040 

13.  Holllngworth,  £.G.  Comparison  of  Wind  Tunnel  and  Flight  Test  Techniques  for 

Cohen,  M.  Determining  Transonic  Buffet  Characteristics  on  the 

McDonnel  F4  Airplane. 

AIAA  Paper  Ho  70-504,  1970 

14.  V.nnlno,  R.  Wlndtunnel  Investlgatlono  of  Buffet  Loade  on  Four 

Wedemeyer,  £.  Airplane  Models. 

Facilities  and  Techniques  for  Aerodynamic  Testing  at 
Transonic  Speeds  and  High  Reynolds  Humber. 

AGARfi  Conf.  Proc.  83  Paper  34,  1971. 

15.  Mabey,  fi.G.  An  Hypothesis  for  the  Prediction  of  Flight  Penetration 

of  Wing  Buffeting  from  Bynamlc  Tests  on  Wind  Tunnel  Models. 
RAE  Teoh.  Rep.  70189,  1970 

16.  Bnvla,  fi.fi.  The  Use  of  Wind  Tunnels  to  Predict  Flight  Buffet  Loads. 

Huston,  W.B.  HACA  RI1  L57  D 25,  1957 

17.  Moss,  G.F.  Some  Kotes  on  the  Aerodynamic  Problems  Associated  with 

the  Phenomenon  of  Buffeting. 

RAE  Tech.  Memo  Aero  1293 

18.  Mitchell,  C.G.B.  Calculation  of  the  Low-speed  Buffeting  of  a Slender 

Wing  Aircraft. 

RAE  Paper  No  4 prepared  for  Proceedings  of  the  Symposium 
on  Structural  Dynamics  Loughborough  University  March  1970 

19.  John,  H.  Calculation  of  Buffeting  Intensity  Using  Fluctuating 

Pressure  Measurements.  Part  It  Theory 
MBB  Report  to  be  published 

20.  ISO  Standard  International  Organization  for  Standardization. 

"Evaluation  Exposure  of  Humans  to  Whole  Body  Vibration.” 
ISO/TC  108/WG1  (Secr.-8) 

21.  Laschka,  B.  Zur  Theorle  der  harmonlsch  schwlngenden  tragenden  Fldohe 

bel  Unterschallstrbmung. 

ZFW  Heft  7,  Jull  1963 

22.  Jones,  J.G.  The  Dynamic  Analysis  of  Buffeting  and  Related  Phenomena. 

AGARD  Conference  CP  102  Paper 

"Fluid  Dynamics  of  Aircraft  Stalling.",  1972 

23.  Rainey,  A.G.  Measuremonte  of  Aerodynamic  Forces  for  Various  Mean  Angles 

of  Attack  on  an  Airfoil  Oscillating  in  Bending  with 
Emphasis  on  Damping  In  the  Stall. 

HACA  Rep.  1305,  1957 

24.  Hobllt,  F.M.  et  al.  Development  of  a Power-Spectral  Gust  Design  Procedure  for 

Civil  Aircraft. 

FAA-ADS-53,  January  1966. 


25.  Decker,  J 


Buffetvoraussage  mlt  Hllfe  der  PSD-Analyse 
MBB-UFE  1123,  Dez.  1974 


7.14 


MODERATE  BUFFETING  B=±0.6g 


WHERE  W IS  THE  AIRCRAFT  WEIGHT,  S IS  WING  AREA  , 
q IS  DYNAMIC  PRESSURE  AND  K = 1 HAS  BEEN  FOUND 
SATISFACTORY  FOR  THE  CONSTANT  OF  PROPORTIONALITY 
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TAKEN  FROM  REF.  5 

Flc.  8:  Simplified  Buffet  Reeponse  Calculation 


WING -ROOT  STRAIN 
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WING  STRAIN  DIVERGENCE 
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Flc.13:  Typical  Variation  of  Tunnel  Uneteadineee  with  Mach-Uumber  and 
Tunnel  Stamotion  Freeeure 
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Fig. 14:  Low  Level  Buffet  and  Tunnel  Noise 
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Correlation  of  Model  Buffeting  Coefficient  with  Plight  Data 
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Pig. 16:  Effect  of  Wing  Sweep  on  Buffeting  Penetration 
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Power  Spactrun  at  Wing  Up. 
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